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PREFACL

This discertation is éubmitted for the degree of Dodtor of
Philosophy of the Council for National Academic Awards. The research
was carriéd out between January, 1271 to June, 1974 in the department
of Metaliurgy. During thic period the author has attended the

following courses:

(i) Electron microscopy

(ii) QuantifatiVe x-ray diffraction
(iii) Kumericel anelysis

(iv) High strength steels

The author has also attended the following conferencec:

(i) Influence of.second phase particles on the properties
of steels. Scarborough (BISRA/ISI 24-24 March,1971).
(ii) Yodern metallography in Metalliﬁgy, Liverpool
(Iﬁst. ¥et. 28th to 30th Seﬁtember, 1971.)
(iii) Crain boundary conference, London (Insteliet.ISI

 25th November, 1971.)

The results obtained end the theories developed are to the
~ best of my knowledge original except wherc reference is made to the
work of others.
Ko part of this dissertation has been submitted for & .

degree at any University or College.



AB3TRACT

The microstructuresof Fe-in-Co and Fe-}n-Co-l'o alloys in
various conditions of heat treatument have been studied using optical
and thin foii transmission electron microscopy techniques. After
homogenizing in the austenite phaae ficld, the structurc at rooa
temperature is lath martensite (bee - & - martensite, and cph ~€
martensite) or lath martensite and retained austenite. The influence
of ageing on the matrix structure has boen cxasined in detail by
volune fraction phase analysis using Y-ray diffrection. The narten-
sitic structure cen be strengthened by ageing at temperatures in the :
range 350°~ SSOOC. The precipitotes respongible for this streapgthening
were tentatively identified as fee ¥ - phase and & hexagonal phose
(ASB type)e Overaging in these alloys is mainly due to the reversion
of the matirix to mustenitc. The cffecct of ageing on the ductility end
toughness of the alloys has shown that embrittlement occurs as & rosult
of ageing in the tompctature renge between 3500— 55000. Improvcment‘in
toughnesS‘ofvthc a2lloys can be echicved by ageing above the embrittle-

ment range without severely recducing the strength of the slloys.

The influcsnce of deformation on the matrix structure both at
room temporatare and -186°¢ was  also investipateds. The releationship
between mcchanical properticé and matrix structure after dcformetion
and deformation and egeing has also been studied. The best combination
of strongth‘and toughness was achieved by a-dcfor@ation and egeing
process. This was due 10 2 combination of the precipitatc dispersion

in & finc substructure.
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1. : IRTRODUCTION

In recent years, because of the cost involved, interest hes

~ been showﬁ in reducing the nickel contcnt}of maraging steelse. Mﬁng~
ancse was one of the elementsAchoeen for replecement because of its
cheapnecs and close similarity to nickel in its effect on the structure

and properties of iron alloyse

Fe-1n=Co alloye have been previouely feported to suffer from
intergranular embrittlement in the quenched end also aged condition.(43)
This embrittlement is also related to the occurence of bee lgth
maertensites On the contrary, £ martensite has been reported to have
a much higher ductility than lath martensites In view of the brittle-

ness the aim of the present work has been to invectigate the alloys in

the range where € martensite occurs.

Two base compositions have been studied in deteil i.c.,
Fe=13%n=5%Co and Fe=174n=-7:/Co. These two compositions were chosen
because the equilibrium matrix composition at room temperature consisted

of the ® and £ phases and the &, € and ¥ phases respectivelyo‘

The influence of precipitation in the‘different natrices has

been investigated using lolybdenum additions of approximately 2% and

S%e

The finel part of this thesis is concerned with the relation-
ship between microstructure and mechanical properties obtained by

different mechanicel and thermal treatments or a combination of the

two types of treatments.



Se RUVIVYW OF LITIDATUNT

2.1 Yartencitic Transformation
2¢1.1 General Characteristics of 'artensitic Transformation

The ‘artencitic trancformation is o diffusionless procernte

artensite forms by o chear mechanisn which iavolvers nininum atonie
diepleceuent without interchange in the pocition of neipghbouring

ctomse. Trancformation proceuds athernally and to induce completc
T ¥ . 1

transfornetion requires continuous coolin;: through the Kﬁ-ﬁf temper—

i

ature range. In some cases however, isothermel martensitic transform-

(1) (2)

stions have becn reportede

There is a shape strain asrociated with trancfornmation as a
result of wiileh surface tilts zre obscrved when a pre-polishsd
¢pecimen is trancforned martencitically.  iowever, tiir is nctacuff-

icicut criterion for definins the martengitic transfornation as

L

surfacc 1t hes been reported in other tyves of phase transiorm-

t1
(38)
ctione.

The pearent and product phases in & mariensitic transformation

are crystallographically relatzd across e Lebit planc. Thie habit

plane ie defined as e common interpliasce betwoen parent and product

phifiti€e ,

.

The martensitic phase con exint in many crystal forms

o

depending upon the alloy systcrie In soms cnsen two martencitic
(48) (&)

erystal structures may occur in one alloy syntecim @& in Pe=in alloys

viere bee aud cph martensite erc often obsecrveds

Vartensitic trancformation can coumetimes be induced above



the s tcmpetaturé on deforming the parent lettice. The highesot
tecpereture at which maertensite cen form under strees is called the
N4 temperaturce The morphology and crystal structure of the strain
induced martengite mey or mey not be the same as the martensite

formed in the absence of deformation.

If the parent pheee is held for o certain time during
traneformntion before cooling further, transformation does not estart
immediately on cooling to the lower temperaturce Thic phenomenon is
called stabilisation. The amount of martensite formed at the lower

temperature due to ctabilisation ie also less than that produced by

direct cooling.

24102 Crystallographic Theory of fartensitic Transformation

tarly work on the theory of martensitic transformationswas
besed on the idea that the body ceantred tetragonal lettice could be
obteined from the face centred lattice by approximately 20/ contract-
ion elong the 'z' axis and 12 expancion along the 'x' and ‘'y' axec
of the martensite. Thie distortion is known as Eain strain or Hain
distortion and involves very csmall atonic movements.(S)(Sce Fige6).

In 1930 Kurdjumov and Uachs deternined the orientation

relationsiiip between the parent (¥ ) snd the product (¢X) phases

111 11 and i I

(111)y //  (120)y <11% /7 QI

They proposed that this war accompliched by two sliears, (111)8<§1€>%
und'(112%x‘-<élgz%‘e Howevcr thir was found insufiicient

for determining the orientation relationship and the rclationship

hes been associated with & (225)25 or a (lll)x habit plane. Later



(7)

Yighiyema determined o relationship which differed from the
¥urdjumov-rechs reletionship by n rotation of 5°16' about (011)

planc. The orientation relationchip wes as follows:

(111)¢ //  (0),  end ,<211>K Qi)
fie proposcd thet the trancforuation resembled twinning since
only & single sheer, on (lll%;(llé)g was involvede This shear

vas elso insufficient to produce the product phase from psarent
‘ which

phate. It is_therefore e (259)5 habit‘plane:is associnted with
the relatiohehip. g |
(8)

Greninge: and Troiang suggensted & shear theory which
successfully pfedicted the observed habit piane, orientation
relationship and shape defofmation for & number of martensitic
trensformetions. This theory is phenomenologicsl snd invelves a Bain
dictortion occurring sinultancously with en inhomogenous éhoar. The
Atheofy epplies reasonably well to Fe-C, Fe-ﬁi and Fe-:5i-C martensites
with a (ZSQ)X.habit pldne by supposing thet slip or twinning occurs

on (112) plane;, ;

b
‘ (9)

According to Vechsler, Licberman and heed the theorics

of martensitic transformantione mey be simplified into the forms:

T. RGF where
I is thc total cliope chenge
‘R isAthe‘rigid body rotetion

G is the lattice invariant shear

F ic the homogenous lettice deformation or Pain strain

Totel lattice deformation which relates the tvo celle .



in their correct orientation relationship is produced by the combin-

ation of PBaia etrain and rigid bLody rotation.

The lattice correspondence relates the atom positione in the
parent phasc to thcir positions in the mertensitic product phicsee The
Iain correepondence ie tho.moet }ikely for fee to bee martencsitic
transformation since it iﬁvolves the smnllect atom movemente This
relationship may be regarded as o homogencous deformation of one lattice
into anothere 4 5eom¢trica1‘devolopment indicates that in order to
produce the obscrved habit plane a further deformstion is requircde.
This is the lettice invariau£ strain which produces en undistorted
plane to exist bstween pareat rnd producte The coddition of an invar-
iant plenec strain along the habit plane is only realised by the
introduction of some simple shear deformation, e.ge, twinning or slip.
Since the hebit plenc tis . unrotsted and undistorted e rigid bedy
rotation ir required in order to rotate the habit plene back inio the

sane position in the parent phase prior to homogeneous deformation.

(10)
The Bowles-leackenzie theory is basically the same except

thaf & Dilatation Peramcter is introduccd to allow a £mall azount of
distortion in the hebit plane, thug gltering the Bain principal strains
and therefore the prodicted habit plasce This theory infers that
sheare are perforﬁed on two planes s0 that each producer an invariant
plene etrain poesibly simultercous twinning on two different plance.
The theory may be reprecented by metrix slgebre ac follows:

-1
i3 KeI' Vhere

by

S

L
!

@
n

lattice invariant shear in the‘opposits direction

to G



The only variaﬁic which can be altercd is Gy the lottice invariant
shecar.

Although the Bowleo-liackenzie theory elso predicte e
(225)y habit plane : :  there is no experimonp&l juatificgtion for
the inclusion of a Dilatation paramcter. Ilowever, the use of
nultiple sheaf Gefey twinning on intersceting plenes does predict

the (225)6 habit plene without including the diiatatipn parameter.

el Yodes of Aucstenitc Decomposition

4 number of trensformetion producte moy be formed when an
elloy ie cooled from the esustenite phase field to some temperature

et or brlow smbient.

24241 f.quinxed Ferrite

Lustenitc decomposes to ferrite during cooling by long range
diffucion ond growthe The product phasc is body centred cubic with a
low dislocation density. The growth of the product is unaffected by

the prior eustenitc grain sige and no curface tilting or shapc change

. OCCUrEe
2¢242 liassive Ferrite
A recont reviev of massive transformetions hes been made by
(11)
Vassaleki, Massive ferrite occurs with more rapid cooling rates

and it depeads only on short range diffusione Massive ferritc consists
of irreguler ferrite greino which arce often difficult to distinguish
fron equisxed ferrite by optical microccopy. It has been suzgonted
that over-etching produces etch pitting and that x-ray line broadening

(12)
due to the high dislocation deneity ic sleo observed.



Ce2e8 1eth Fartensite

Lath martensite is dcfincd es a series of straipght sided
elabs vhich do not cross the prior grein boundaries and do not occur
in more then four oricntations within any single sustenitc graine
Lath martensite transformetion generally occurs athermelly. There
are however, a number of iron alloys in which laths arc produced
igothermally. In thesc caces the U6 temperature shows & slight

decreese when the cooling rate ic increeseds There is a close
(13)
sinilaerity betvcen isothermally formed lath martensite and beinite.
(14)
Leth martensite is sometimes referred to ae "Massive MYartensite",
(15) (16)
“Slipped lartencite" and "Self eccommodating Yartensite".

(17) (18)
Ueeseive YMartencites are obeerved in pure iron,
- {19) ' (20) (21) (22) (8)
Fe=Cr, Fe=Cu, Fe=¥, Te~C ond Fe-1 alloye.

Lxemination by thin foil electron microccopy has revealed
that the structure consists of 2 series of hecvily disloceted laths
with widthe ranging from 0.2 = 1.0 ¢m and lengths 10 - 50 &m.  The
width of the laths decreeses with decreasing' trancforiustion temper-

(24) (25)
eture and also increasing amount of elloying elements. The
increasing wavy eppearancc of the lathc with inereasing transform-
ation temperature iec taken zs an indication thet & recovery process

(24)
hes teken place after transformation.

The obscrvation of surface tilting on a pre-polislicd nurface

is thought to be rolated to the parallel bundles of lathes which are
(23) (26) (27)
observed in the microstructure after etching.



2:2.3.1 Cryetallorrephy of Loth Yartensite

Tho predﬁminant oricntation roletionship for lath nmarten-
cite is conulrt‘nt with the iurdjumov-jachs orientation reletionship,
{111}?5 // SLIOJ <,10>?S Z/ <l 9& with a {111133 habit plane.
Although the {111}6 planc ir genernlly accepted es the habit plane
of lath martensite, differcnt habit plenes have been observed in a
number 6f alloyse liotable amongst these are alloys vmth lov ctecking
faulis o“arglas such as 18; Cr &% "1 ‘stainlecs steelss Three principel
habit plancs have bLeen previously reported in o number of elloys, Cofiey

. (28) (29) (30)
(225)X , (259)5 end (112)5 .

Shear on the sveten (110) <110>K = (112)04 <115. >o(
and {2¢5}5 habit plenes but this ie

13 (30) (81)
unnble to predzct the i}l%x habit planee Kelly ot 2l have

nay account for both thc { 59

observed that shear (111) <§§é>6 = (IOI%X <:301:%x‘cau1d satisfact=

orily predict the (ii2)5 habit plane in 1&Y stainless ctcelse They
"~ also concluded thet adjecent lath pairs must be twin reléted es this
is the way of achieving four variants of the (112)5 hebit plene in eny
éuatenite grein. (2
Leter uryane et a8l suggented that the total chape chance ie
about 63° shear along <§1§zx“dlrectlon but this lcade to e distortion
~in the habit plance. e also proposed that thic distortion is Accomm—
" odated by an adjacent lath formed in the opposite shoar dircction.
Dictortion #ay disappear by this mechanicm but thie does not tanke
into account distortion brought about on & cingle lath produced by the

-

transformation.

»



The orientation relationship between adjaccat laths Ly

essuning Kurdjumov-Sachs reletionship ie clascified as followss-

(a) Adjacent leths are of the sere orientetion and
rotated 180° about the interface normal to produce

2 scparating boundary.
(b) Ldjacent laths are twin. relatcd.

(¢) Adjacent laths are related by 10° about the inter-

face normele

Case (c) is reported to be thc most favoured condition by
(13) (19) . ' (32)

many workers. Case (b) is also reported by Kelly et ale.

(23)

ilowever, Chilton et al, while agreecing with the idea that sdjecent

)P

laths take up different variaztion of the [furdjumov-lachs rclationship,
suggested thet laths arc not alwaye twin related. They preposcd that
therce were four groups of rclationghip, but since two of them could yield
diffraction patteras in vwhich the zone axie differe by less than 10°%from
twin oricntation, and‘also the limited accuracy bf clectron diffraction
techaiquec, The rclationship between edjacent laths is elipghtly altercd.

(38)
as follovss-

Thig i

™m

o) . . .

(a) ress than & off twin reletionship
. ) . .

(v) tore than 5 off twin relationship

(c) 10° misorientated about <?J(i%xdirection.

The growth dircction of lath martencite has generally been

obscrved to be along the‘<?11:é<directién although laths lying parallel
(12)
‘to the <élé2&idirectian have also been reportede



2e2e4 Twinned Martensite

Twinned martensite it produced in iron based alloys by the
(34)
formation of twins to accommodate the habit plane misfit. The
crystal structure change from slipped martensite to twinned martensite

in Fe-C and TIe-lii alloys is associated with e change from bec to bet

(85)
lattice at epproximately 2.85 wety interstitial concentration.
(81) . '
According to Kelly the transformation from slipped to twinned marten-

site in Fe=C alloys is associated with a change in their habit planc fron
e (111)5 planc to the {ZZS}Xplane. A further change occurs from the{225i5
to the {8,10,]&%3 plene above l.47% interstitial content (carbon), this
change is accompanied by & change in morphology which is referred to as
‘Lenticular' or 'Acicular's. A cimilar effect is slso observed in Fe=-Ni
alloys (ebove epproximately 28% i) where a bee martensite structure is

formed in contrast to the Fe-C alloy which has a bct structure.

fany suggestions have been put forward t; explain the change
from slipped to twinned martcasite. One theory is that twinned marten-
site ‘is formeﬂ Just below a critical Ms temperature of approximately
ZOOOC. (ee) This does not appcar to apply on the basic that slipped
martensite is also formed well balbw room temperature as in 18/8

stainless stecle. Sccondly, it hae been susgested that elloying elcments

which lower the austeniie stacking fault energy promote the formation of

(30) ,
tvinned martensite. This is in agreement with the report thet nickel
‘ (87) (87)
lowers the stacking fault energy. There have becen, however, some

. (38) (39)
cases in which nickel may raise the stacking fault encrgy of austenite.

A reeent suggestion on the criterion for the transformation



from slipped to twinned martencite is concerned with the driving force
" required for transformation. According to this proposal transition
(21)

from lath to twinned marteasite ocecurs at about 1350J/!%0le. Above

this velue transformation is suggestcd to occur by twinninge The

influence of tempnrature on the martessite transformations has been
(£0)

studied by Zener.  He suggested that a critical ordering temperature

vas necescery for carbon atoms for transition from bec to bet in Fe-C

alloye This ergument cannot be applied to Fe-ki alloys which have a

bee structure.with very little interétitial concentretione.

(17) ‘
Ge Krauss and f.b. Marder  examined the influence of alloy

comporition and tranéformation-tcmperature on the transition from lath
to twinned martensite. They concluded thet slloys which tend to
ctabilize austenite, e.g.,.C,N, Ni, Pt and in lower the L& tocmperature
and make possible the transition to the twinned martensite whercas
ferrite stabilizers lecsy "loop formers" such as $n, Cr, W, V and %o
tend to prevent the formetion of austenite with a low e tempcrature

2nd hence the trancition to twinncd martensite.

26265 T'peilon Mertensite

ipeilon martensite which has a hexagonal close packed structure
i produced either by cooling from ausicnite or by a pressure induced
' (41)
shear deformation. The structure consists of parallel straipght sided

bands 1lying along the {111}8 plances The orientation relationship:

betwéen & and ¥ obeys the Hurdjumov-tSachs relationship es followss=

(111)y // (2001)¢
Gisys G,
<.112>25 // <10'i 1>€



(C001) planc is the habit plane of cpsilon morteasite
mavtencite cccure in Te=in and Fe=ii-Cr slloye after cooling from

sugtenitc, In Fe=lii=Cr Ila mortencite is induccd by dcforzmation
8t room teoperaturc.e Io Fe='n glloye € is often ascocisted with

bee K mertoncite alfter subzero deformztion.e In some casce € marten-

cite aloo occurs with custenite and bee X martensitc.

It has been supgested that € forme from sustounite by the

formation of Dhockloy partial euicnded dislocations on every alicr-

RN

nate {111) lasce This eould be achicved by o pole moechsniom con=
o

.

sisting of 2 eingle shockley art1a1 uﬂsloca ion rotated about o

[ ]
42)
cerow dislocation.
22 Stacking Faults in the DoC Structure
€e8el  linturc of ctaeking sulio.

=

{lose=-packed metallic structurcs orce often represcnted 28

leyers of hexagonal notg of atoms stacked one over tho other in e

regular sequencse The foo structure zs given by the cinckings of
flll) rlance in the scquense ATC Alfandtheclose packed hoxagonal
structure by the sincking of (2051) planes in the noguence ABABAR.
4 stacking fault nay be defincd as ths plaser curface of separation
betwoen two regions of o crystal which liave the same oricntation
but which do noi forn & continucus latiices Lhoen cuch o surface
ozkod plancn in o erystal, its cacrey

liee parallel o the elosest

‘:t

.

in the lowent; therciore, in fce and eph slrueturcs, stacking fauvlte

vhes they lie parallel to the (111)

are energetically accepio

inep

or (0001} plance, oad esn boe represented as interruptions in the

it
o

jo N

r
H
£y
o]
[ ]

regular stacking scquonce of ¢



Considering the fce lattice, the normal stackiag sequence

LBC LEC can be changed by faulting to any of the following rscquences

. (43)
in the manner shown in the table 4.
Table A
Structure | Type Stacking Sequence Intrinsic I Dther
mxtrinsic » Classification
1 fecc v ABCAB/ARCAR I Deformation
' foult
2 fece PAvg AEBCARACARC z Double deform-
‘ ation feult
3 foc+twin ABCAB/ACBAGB/ALC | Growth/Twin
fault
4 c¢cph v ABAB/ACAC I Crowth fault
: g s I .
5 cph eV | ABABA/C/LE 1 Deformetion
: feult j

4An intrinsic fault is vherc the atonmic patterﬁ of the two regions
of the crystals extend: to the composition plane which may or may not be en
atonic planc. 1In contract in cace 2 the composition plane is an atomic
plane and it not continucus with the atomic pattern in the regions of the
erystal on either side ofbit. The cxtrinsic fault can'be_considercd as tvwo

(44)

iatrincic fsulte on adjacent plaice. The stacking eequence in cace (3)
represents & twinned fee lattices The twin boundary was referred to as e
growth fault. iiowever, considering faults aé being either intrinsic or
extrinsic, the twinned struciure can be rogarded a6 the rerult of an

intrinsic fault, on cvery successive plane in the scquence. Double defora-

ation or extrinsic faulis in fcec, on alturnate planes will produce a twin



but deformation does not produce an extrinsic fault in ¢phe If 1V
fault. occurson every altcrnate plane in the fcc lattice, then a cph
lattice results as in case (4)s Thus with a high faulting density,
an fcec lettice can chow a continuous transition between fec, twinned

fece and cph structuree.
- (45)
Toth et al have investigated stacking fault formation in

cobalt and shown that deformation faults in the fecc structure are
intrinsic. This is in agreement with other workers who have studied
(46)
stacking faults in Cu-Al, Cu~Ge, Ili-Co and stainless ctecl.
Stacking faults are produced by dislocation reactions. A

lattice dislocation a/2 <<bli> in the (lii) planes dissociatc as

follows:

a/2 <013> = a/6 <1-12>‘ + a/6 <121>
The vector termed "Burgers vector' represents a displacement of the
type a/6 <<§1€>>. A partial dislocetion with this type of Burgers
vector is a glissile Shockley partial dislocation.  When the Iurgers
vector is perpendiculer to the pianes of the faults, the partiasl ic a

sessile Frank partial with Burgers vector of type &/8 <<}1i>>

2e3e2 The hole of Stacking Faults in ifartensitic Transformations.

2.8+.2.1 The TFCC toCPH Transformation

Transformation ffdm the fcc structure to the cph structure
is a speciallcase’of nertencitic transformation where the parcnt and
product phase are fully coherente As discussed in the previous section
: an intrinsic (1V ) feult on every alterhate {111} plane in en fec

structure would produce a2 cph structure. The faulting could either be



inﬁependent in which care, all thc iliree available a/0 ‘<ll%>typc
shear veclors would operatec aad no schape change would rcsuli or one
particular shear dircetion could be active in wiich case, & rhape
change would be cxpectcod. Obrervetions on Co end Co-iii alloys have

te

revcaled a macroscopic shear, sufgcsting that independent faulting is

(47) ‘
unlikely. The growtinh of cph on cvery alternate (111)8 plane: hsas
been compaved with the mechanism proposcd for the formation of &

(48)
rmechanieal twin by Cottrell-#ilby.
(4€)
Lollman has investigated martensitic transformetion in

Cobalt and suggested a dynamical mechanism that a stress field is
created by the intersection of z fault with another on an inter-

: \ .
sceting 111)8 plane and to compcncote this stress an 2/C <<,12
partial is nucleated on the next plane. e alro cugpests that a
compensating fault runs into another fnult on any of the other three.
%ll}x plenes end results in the formation of leths of the cph phase.

(S0)
Venables et al studicd the martensitc transformation in

stainless cteel by electron nmicroscopy. The role of cph £ martensite

i

as an intormediatc phase in the scquence ¥ rce™ € cph""xbcc nas

been widely discusscde They concluded that € martencite is produccd

(s1)
(W
by faulting in the austenites In Fe=1"2=0 alloye “hite cnd loneyconbe
surgest from x-ray and rcplica obuervation thal martencite is

: (s2)
nucleated at the stacking faultc. Uishiyama and Chimizu studied

nartensite formation in low carbon mangenesec alloys ».and..concluded that ¢

mertensite is associated with profuse faulting in the austenite. Tater

(58)
Hargh = investigated the transformation of fcec to c¢ph in Co-fc alloys



in detail. ‘He has proposed that nucleétion oécurs at the intersection
of stacking féults end twin boundary interfacees with grain boundericse.
Marsh concluded that the réte of nucleqtibn was dependeat pn grain size,
plastic defdrmstion_and annceling tempcraturc. Ile also éuggests that
>fau1t interfnces may act as obstacles to £ nucleation if removed from
grain boundnries. Growth of £ is produced by the clusteringvof
partials nutuelly stabilized by the intersectingcxﬁthé stress field.

The mechenism of formetion of € phace produced by deformation
in 18/€ stainless steel has becn studied recently by Fujita and Uediéd)
- It was shown tﬁa£ the € phase is formed by &n irregular overlapping
procees in which the stacking feults are formed on {111%5 slip plancs in
the fec matrix at first and then further stacking foults are eesily
induced on illikﬁ planes neer the original faultlplanec due to minimizing
both the bulk free energy and the total encrgy of ctacking faulte. lo

(55)
screw pole mechanism has beon observed as suggested by Seegere

2.3.2.2 The CPH to BCC Transforﬁation,

E'Amartensite ie found in association with bec martencite in
a number of highly alloyed steels. This type of ® martensite which
appears to be formed in low stacking fault austenite has been extensively

(14) (28) (29) (S0) (56)
studied by Xerey optical and electron nicroscopye.

The close essocintion of o, and € pheses has provoked much
discuseion on tha‘queétion as to wﬁether'& forme firct and & nucleates
within the € or the austenitc transforms difectly to o with the

€ ﬁcing formcd ag a‘cdnsequence of the large cheer strain.  The

» v (57)
nucleation of & from £ has been reported by Cina. This observation



(58)
is in e;reemcat with the work of .ecd  who showed by extensive optical

end cleétron microscopy investigations that 18/8 stainless steels
transform: to both E_aﬂd ® phases on cooling. The ® is formed
isothermally and only in small amounts on cooling although considerably
large quantities of X erc formed on cold rolling at -19600 £ phasc
vas believed to be formed by thic faulting of every otlier {lli}x plance.
The phase is formed as long thin pletes lying within the £ bandse

The long axie of the P\ phasc was parallel to <ﬁlo>x end the habit
planc was {225}3 planc,

(14)
Ielly and sutting observed no £ phesc in 18/8 stainless

etcels containing K martensite on either cooling or doformatioﬁ at
-196°C. The ¢ martensite which they heve obscrved appeared as
ncedics in {}li} planes and twin related having Yurdjumov-Cachs
oricntation relationshipe

(50)
VYcnables  observed bLoth the phascc on deforming an 18/8

steel at =196°C. The & phase was always found to be in contact with
the € phase and prcferentially nucleatcd &t the interscction of
on two sets of {lli}3 planes. The habit plane vas found to be {225}X

plane and observed orientation relationship verc:

(111)y  // (0l)g  // (01l)

Q) /7 Qeioy, /7 A1)y

(2¢)
Lagaeborg  studied the martensitic transformzations in tro

stcels of slightly different compoeition, Hteel I contained 187 Cr-
Te2711, 1/4%m and 0454581 and cteel II coatained 1645, Cr - £33/ Hi,
17 ¥n, 1% 01 and Ce7,. 0. In bLoth stcels o« and ¢ phases formed both

o1 cooling and on deformation. The morphology of the phases in both



cases was: found to be different. On cooling the martensite had

e shape of long pletes, the long dimensione of which were in the plane
of the € discs while the martenegite induced by deformation always
occured as necdles in contact with dices of € . The K martensite
“in steel I had <}lq>5-long direcction on (225)y habit ﬁlane while.
stecl II hed (259).6 habit plane. There was & difference in the nature
of inhomogeneous. deformation as well. S1ip took place in eteel I on
tvo {110}8 - planes at 60? to .one another, while in steel II the
imperfections observed were on {112}a‘planes. Legneborg also
observed thet the martensite formed on cooling was partially iso=-
thermal. {Omall amounts of prior deformation stimulated the transform-

etion strongly whilst large emounts decreased the tendency to transforme

etion.

Ixtensive clcctron microccopic studies were carricd out in
18% Cr- 12%Ni etcels by Dash and Otte(ggzoifound that K phase contained
e high density of dislocations without any stacking faults. The ¢ phase
which they observed was always heavily faulted and did not contain
dislocations; In contrast to the findings of several other investigators,
Daeh and Ottc reported that X phaee could occur independently of €
while € phase alwaye impinge on cfystals. They also observed 4 -t
the widthe of € ba?ds,and the density of faults dependent on the size
and relective distance between & crystalc. With this observation, pash

end Otte concluded thet € is not an intermediate phase in the ¥ -5

transformation but forme as & consequence of the largce strain induced

in x adjacent to € .



(58)
Breedis  examined the ¢ph to bec transformation in Fe-Ni-

Cr £lloys and showed that the smount of € associated with o decreased
by replacing chromimﬁ with nickel. This was related to the stacking
fault energy which increeses with nickel content. e has }t’herefore
argued that £ could not occur spontaneously as the stacking fault
energy was not zero, thus £ is formed by the,prezenée of & |

(60) :
Goldman et 21 have suggested that a different lis temperature

ghould be observed for the ¥ to € trensformation from that due to the
¥to X or €to & transformation. Since the separate lic temperature
vas not detected, they concluded that € was an intermediate pheose.
Schuma.xflgl)however, for the ¥ to & 4trancformetion did observe & distiﬁct
e temperature. Lie founci in Fe-183,83% I'n alloy thet the l's temperature
for the ¥ to £ trancsformation was about 160°C, for the ‘€ to X trans-
formation was 140°C. On the other hand he had some difficulty in
detecting the Y5 temperature in Fe- 11.18% Mn end Fe=12.75% Mn alloys

vhich were mainly o« .

(e2) (68)
Menganon and Thomas did not observe either oL or € in &an 18/8

steinless estecl on conoling, Both these pheses formed on deformation.
The € phase which they observed was reported as a faulted phase and its
emount depended on the rate of deformation. The amount of £ reached
o maximum ot about 57 deformation and decrecascd after, wiiile the emount
of & increesed steadily with increacing dei‘ormétion. € phase was
formed independently of & while the o& phasc vas prefercntially
nucleated at the intersection of € bands.

(6¢)
NTecently Grunes et a2l  showed that the nucleus of & in an



Te-15% In alloy occurred preferentially at the intersection of €
bands and observed & high density of dislocations at theKﬂ/e and

E,/o( intcrfaccse. The orientation relationsnip they observed ares

. (3.11)3, /7 (so01)g /7 (110)y

<11c>>ZS // '<0112>E /7 oy,

Ze3e3 Veasuremcnt of Stacking Fauli inergy

2:3.2.1 llode adiil Teehnique:

According to this nethod stacking fault energy may be

(6s)
deternincd with a simplified formula as follows: (cee I'ige7).
v 5 _
5 - G.b 0o 200 PvOosOOEOONE DRSS (1)
SF R
KSF - Stacking fault encrgey
b - Burger Vector
L= tadius of curvature
G - Shear odulus

This is the only musthod of direct measuremcnt of siacking

feult cnerpgye In the czse of low stacking fault encrpy mcasurcments leee,

2 .
<:23 erg/em” the accuracy of valuer measurcd is reasonably good,

vhile greater valuce required some correctlon. This is due to the
ol >
(G5)

effect of neighbtouring diclocations on the nodes-

2¢3e38e¢  Wwin Ireguency Fetliod:
: » (664
This may be formulatcd zg followe:-

ng

o
Sevessoscaoseve e (6)

Vv = o
0.18 ¥



Where

Jtb

ng ~ grain boundary encrgy

twin boundary cnergy

Y - twin frecuency

Twin freguency is messurcd by counting the nuamber of colisrent
twin bouadarice por auctenite sroin, by averasing a aumber of grains,
IS (353 1 [ o
The relationciip between stacking fault encrgy and iwin boundary is

(67)
siven ag followw:-

.
T

s cpsnr

LR

= 1.0 - 2e8 cecesconsoe 3 (&)

The esxperimental resulte indicates that the ratio is less than or
greater than 2 depending on whether the strcking fault energy is low

., s . LGF . .
or high. with the sscumption of X‘J = & and substitution, a

Jtb
rcletionship betvween etecking fault enerpgy end twin boundary encrgy
' (67)
can be determined as shown in equation 3(b).
g - _ ORI
rod! - Qo0 vpeessesscenosecca ~8 (b)
2e4 Strensth of Uartensite

The factore which affect the strength of marteancitc may be
(ce)

(&) solid solution hardening by intcrstitiel clenscnts

(b)  solid solution hardeaing by substitutional cleuments

(¢) grailan sizc

(d) strengthening by substructure

2eloel 5olid folution Lardening by interstitial ¢lenments

Co0lid solution hardening by carbon iz the moct favoured
strengthening mechanism proposcd for martensite. The c¢ffect of

carbon on the strength of marteasite vas first developed into a



' (69)
quantitative theory by iVinchell and Cohen. They showed that,

providing care vas taken to prevent ageing during or after quench,

.or to correct for this ageing, the atfength of martensite varied
linearly with the cube root of the carbon content up to 0.47Ce

In eddition to showing the cxpected remarkeble increase in eirength

of martensite with carbon content, inclicll end Cohen made two other
very important observations. Firstly,’ageing of‘martensite with
ascociated changes in strength occured ot teﬁpefatures~as low as-40°C.
This means that, if the properties of a martensite where all the

carbon is in solution arc to be measured, great care muct be taken to
prevent ageinge. The seccond observation is even more significeant.

The herdness of the 0.824C = 1647/ Ni martensite was found to be |

685 1V at - 186°C, while 0.024C - 80.5% Wi martencite was 340 LV ot

- 196%. They suggested that the change in strength due to differences
in nicxel content between 10/ and 30%4 i is negligible. The difference
between these two hardnees values is produced by the addition of carbone.
winchell and-Cohen states that the strengthening mechenism is due to

the segregation of cerbon stomse The ageing experiments vhich they
cerried out.on nigh cerbon steels support the view that carbon can also
move rapidiy in the body centred tetragonel structure, and the effect
of this repid migration of carbon on the mechanical propertics of

mertcnsite can be quite dramatice

2edel Solid Solution lardening by substitutional clements

Substitutional elements arc known to increase the strength
of martensitece Substitutional elements such as Hickel can lead to

an increase in strength of marteneite while chromium is the least



effective solid_solution,&trcngthencrﬁ Iowever, vwhen fickel is
added to carbon stecls, co many other effects such as change in s
’and in the amount of precipitation during the quench arc introduced
that it is impocsible to isolate,thcnsolid solution hardeuning effect
'of‘nickel. Consequently it is suzgested that the strengthening
effects of elemecnte in substitutiénal solid solution may be sirongly
influenced by slight variation in the inferstitiai contents. It is
aloo suggested thet substitutional strengtheaing may be cither the
dircet effect of dislocation interaction with solute atoms or an in-

direct effect in which dislocation mobility is changed by the
' (70)

variation of stacking fault energy. The hardening of Copper by

substitutional impuritics produced by the eclastic interactions of
' (70) (71)
solute atoms supports the view of Petche

Celdel Crain $izc

Tne effect of grain sizc on the yicld strees way be foraulated

(70)

as follows:=

By = Gl + éiy.dweu-ooaoo.oeooooo \4)
vhere

.Gy = yield stiress

Gi = lattice friction stress

'Ky = a locking percmcter

a = crain dismcter

The effoect of grain size on the yicld stress is thus
Gependent upon the locking perametor, which depends ou thec scgroge

ation of interetitial atoms in bee metale.

o



(72)
In Fe-lii alloye, Speich and Warlimont fhave investigated

the effect of carbon on the width of asrtensite lathce They
surgested that there wes a direct relationship between the size
of individual lathe in the martensitec with the prior sustenite grain

eize aad concluded thet carbon reduced the luth size in the o marien-

citce
Cedel Cubstruciurc Utrengtuening
It is suggssted that the foraation of twine during nartcen=-
~ny
(ce)

site trensformation contributestothe strength of moartcasite. Further
inveetigations on this twin bardening model prediecte that at & given
carboiz content ¢ twin partensite will be stronger than an untwinned
nartensiic, and not ell twinned martensite chould be of céual strengthe
(7C)
Yadeliffe ond {chatz investiguted martenzite ntructure changes from
lathe containing dhich density of dislocatione at 25% i to internally
tvinned platee &t GQ% wi and found no eppreciable chanpge in strengthe
It ie thercfore ergucd that, since the diclocation density in
internelly twinned martensite ie relatively low, then if the twine
haed no ¢ffect on the cirength, the internelly twinned mertecusite
should be wezker than iath martensite. The similarity in the
strength of the two structurcs thon lesds to the conclusion thet the
tvine provide awatrengthcning effect vhich epproximatcly balances the

lose in strength due to the decreoase in dislocation density..

£e8 Influence of Teformztion on the Strenpsthenings of Uartensite

ortensitic traacforaations are strongly promoted Ly defor-

aifi S

mation in & renge of temperzturc above te A limiting tcaperature is



. which ; . R
known es Hd,above)no further transformation will occur by deformation.

Ad is & temperaturc below which the As may not be reduced by further

deformation of martensite prior to the rcverso transformztion.

I'artensite in ferrous alloyc has an extremely high work
hardening rate. Decformation of austenite below the re-crystallizetion
temperature,vhich is known as ausforming,is an effective method for
strengthening martensitic alloyse It it suggected that precipitation
of carbides which pin dislocations during deformation, producesa high

(74) (75)
dislocation density and resultsin o docreasc in o tcmperatures

A further treatment of strain tempering ic applied to cusformed stcels

to increase the yicld stress without loss in ductility.

Zerolling is & method of strengthening for alloys which have
a Vs temperaturc below room temperaturs. Deformntion of austenite is
carried out below the !4 icmperature in order to producc mertensite
from custenites This method increases the yleld stress with little
loss in ductility. In certain alloy steels the formation of marten-
site during deformetion can cnhance their strength as well as

(76)

ductility. These steels which are called TRIP steels chould have
Hs and ¥d lower than room temperature so that austenite is reteined
when the stecl is quenched to room tcmperature. The gqueached stoelé
arc then deformed at about 450°C. The composition of the steels
ghould bte such thet thie deformation raisce the i'd to above room
temperature co that when the steels arc finelly tested during use

ctrain induced martensite is formed to increarse the strength and

ductility.



. A number of investigations have been carrisd out to,explain

the influence of phase change produced by deformation on the etrength-
cning of marionsite. Yershova ct éz7)cxamined the phase transformation
which takes‘place during heat trecatment and deformaticn in Fe-in alloyse
Thé ctructure of a 0.06;C - 1677 1n elloy in the quenchecd condition
contained ¥ + € phases. It wae found that the zmount of € phase
exicting at verious quenching temperatures was independent of‘
quenching rate. This was in contrast to the findings of Péiiz White

. e '

and Honeycomézl)investigated the work hardening behaviour of a wide

range of Fe-ln-C alloys and observed & martensite nucleated in €
martensite during deformation at -196%C. Yegolev and-BegochéZg)studied

Te=Mn alloys\containing Hfolytdenun and Titanium and showed that the
formation of € martensite,ar a result of deformation, decreases with
increasing amount of elloying elements at the oxpense of K marteneitcs
The effect of cold deformation on the microstructure and mechanicel
propertics of an fcec Fe=!i-Co~Cr=-ii0 alloy has been invectigzted by
"~ ¥itchels and Forbes Jonéi?) The strength which was achieved by 20%
deformation vas attributed to an increase in dislocetion content. It
wee shown thet greater amounts of deformation rcgulted in the formation
of deformation twing which increase in densitye. This hardening mechanism
ic in contract with that reported to be operating in a2 einiler fce Co-

Ni=Cr-2o alloy, in which strengthen; is attributed to the formation of

£ deformation induccd fine cph € phasec.

The influence of deformetion in Fe-!n~Co alloys has becen
(48)
recently examined by Staceye It was shown that considerable increase

in the amount of & martensite is achicved by up to 20/ deformation at



room temperaturce This was asscocicted with an increase in strength.
- , , (81)
The same behaviour was elso found in Fe-ln alloye.

. 2.6 Te-n Alloye

The addition of Mangenese to iron resulis in an increese in
strength.(gz) This increase in strength occurs in alloys up to 12%
langanese. The formation of € mertensite, which occurs above lél kn,
is associated with a decrease in strength.(sa)

It has been shown that the addition of manganesc to Fe=C
elloys improves the impact properticse. This is due to the grain refine-

(€4)

ment of the grain boundary carbide.
' (85) (86)

Fe=!n elloys up to 40y !n have been investigated in detail.
In the (4-10)% im alloys lath martensitec with the (111) habit plane
forms irrecpective of the cooling rate in the range fronm 3° ¢/min to
2000°C /min. Alloys between 10-15% ﬁn contein A+€  with no retained
zustenite, and the maximum € contents of 85-20 occurs &t 15% ¥ne. In
the alloy range 15-28/ lu the matrix structure ic ¥+ € . Allbys
containing more than 287 lin do not tranafbrm on cooling t¢ room temper-

ature and concist entirely of austenite,

The stiructure produced by continuouc cooling in Ye-in alloys
may be explaincd by the influence of manganesc on tlie kinctics of
austenite decomposition and on the stacking fault cnerpy of the
. (er) .. . . ) . o .
austenite. Yenganese ie an sustenite-stabilizing clement which
lowers the transformation temperaturc and alco rotardes the rete of

tranclforzation. Yurthermore, manganere nlso lowers the austenite

. cl) . '
stacking fault energy, and 1t scems reaconable to assume that the



appearance of € martentite, which is crncentislly composed of stacking
faults on every alterante (lll)x aurteaite pl&né, pceurs when the
auctenite etacking fault enerpy approsches gero i.c., ot about 107 Yne
within the range =107 Ua trencforimation is largely controlled by the
effects of mangencee on’thc kinotics of the ¥ > o transformation, and
thie ip illuetrated Ly the changing ceguence of massive férritc, beinite,
and martensite as the mangancse concentrotion increases. in alloys
containing more than 10/ ¥r the trancformation is influenced by the

low stacking fault energy end high driviag force rcquired for the ¥—=ot
transformations. £ nertencite therefore, appeare aé an internecdiate
stage in the ¥ >R ccquence siance its formetion requirecs a cmaller

(81)
driving forcce

it hne been shown that in Fe=!'n slloys contoiaing more than
107 Mn, two Aiffering morphologier of K- martensite cxiectled which ere
aleo associated with € martensite, Thecce ptructurcs appear to be
either blocky or lenticuler in contrest to the sormal straight eided
lath martencite. The structure in the 4-107 !n alloys slow poor
impact propertier by intergranuler britile fmecture st the prior sust-
_ (£5)
enite grain bouandaricr, The toughncss of this mnterial can be
. . ) . . . '
improved by tewmpering above 670 °C. lowcver, this is eccompanied by
(€8) (e€)
deerense in both tensile ciress and yield stress. Celiumann
. . ) . .
sugpeeted tiat on teapering at GO0 C, precipitation of platec of
austenite mey ctop the creck propapgetion, thur resuliing in an improvement

in impact propertics.

(85)
Dolton  has. rcceutly studied the various contributions to
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the athiermal component of flow eircerc e='n alloyce ; may be

formuleted ar follovo:-

—

Bo =Mk AV, Ay ©

wvhere
YSO ie the athermal component of flow stresc
Zﬁﬁiﬂ is the athermzl contribution due to the
flov strens of purc anncaled. irofie
N\ ir the athcrmal contribution due to colid
solution Lardeninge
Z}SS& is the athermal contribution due to dis-
location substructurce
wvhere

Z)S;g = 804
Doy = s

For Fe-I'i alloys the contributions have been deternined and these
(e7)
were as followess-

Aoy = 25

DSy = sy

~e

Thece resulte Cid not differ from tlic findingc of iLoltone

Ce Fe='n=Co alloys
(S7) ,
Cine  inveotigated Pe-;n-Co alloys and found that the




higher

]
4]

contribution of colalt to the rirength of the Pe=iin alloys w
than either Chromium and ickcl.

(€€)
cchumann  observed a pgrecat amount of € phease in the l'e=n

alloy with 54 Co. This vwae in contrast 1o the suggestion made by
Cina regarding the addition of taird elcments iees Co is less effective
than !'snpancee in producing € martencitee

The influence of agcing on tlic Fo=In=(o alloys have been

(eg) . 0

investigated by Cuzuki. Apc hardening was obrerved at 500=550 C
in the ageing proccss of tle decomposition of Fe-!n=-Co martenrsite structure
in “the comma-shaped region around the compositional range of 15, !n
(20-50)% Co to 18i ¥n 50 Co. Lc concluded that the hardening occurrdd
duc to the internzl rirain causecd by compositional fluctuationt or fine
disperaionc of auctenite highly concentrated with solute atoms es in the

(20)
case of hardcning in re-i/i=-Co or Fe-=li-Im alloyce.

The structure and properties of Fe-!'n-Co alloys have becn
(43
g

examined recently by Ctaceye. Iiis findings can be summarized os

follows:s

(2) The addition of cobalt to I'e-2n alloys promotes tic
formntion of bee of martcasitce This 1g acsocilated with

an inercasc in cirength but no improvement in ductilitye

(8

(b) Tiie inTlucnce of cobalt on the ntacking fault energy
depends on thie lhngancse concentration. There is no
obvibus correclation between the volums frection of €
martenrite end the stacking fault enerpgye C(obalt

appears to roeduce the amount of € in the 1E.55: !'n



alloys. Tais ic in contrasi to the idea of
(61) .

Cchumann wao surgested that Cobalt promoics

tiie formation of & by lovering the stacking

fault energy of austenite.

(c) The addition of cobalt to any 2lloy with 17.54 n
inercases the otrengih without loss in ductilitye.

This alloy appears to have o zuiteble matrix for

(a) The orientetion rclationship between ol lath

’
3

martensite and austenite ie the Xurdjumov-Sachs
relationshipe.

{c) The amount of ® martensite is increaced by dcform-
ation. The 17.5% In alloy can be ctrengthened by
deformztion cnd ageing without drastic reduction in

ductilitye.

llaraging steels are & group of high strength stecls cheracter-

ised by their low cerbon contentse  The term "Maraging" rcfers to the

v

devclopment of the final strengtin by trant{orming sustcaite to martcn-

site and cubrequent areing of the martensitic metrize Although there

have been a great number of investigations made on the subject of

etrensthening meehanion in maraging steele, the exnac : e i
etrensthent wecchanilem in maraging steele, thwe exact nailure of the

LY
[

Lardcning precipitater is £till in doubt in mauny alloyr. It is now

1~
L

enerally accepted however, that the hardcuing precipitate in the

Co/'0 2lloy is I'i, 'o, which dicsolves on prolonged ageing to foim
3 i [ (&) &



(1)
the Fe, o Laver phace orss phare. The li.’"o phoce, a hexagonal

&L 0 o)
o

gtructure vhich is considcred to be partlmlly ‘coherent with the

(e2) .
matrir The 'i.0 end 1i. Ti intermediate pliasec sre coasidered
. .

lJ
to form becazusne of their partial cohercney with the matrix wihilst the
cquilibrium Lavee phase would be completely incoherent and heace more
difficult to nucleate.

o
The ctrenzth of mararing stecle can be readily explaincd
by the observed precipitate distribution altiuough the exmct nature of

the deformation mechaniem 16 not knovn. Mere have been relatively

few attempts to cxplain the rcacon for the good toughness of mareging

”

teelse A Lew of the fectors which may be responsible for the

-

vely unique behaviour of meres sing stoels are diccussed belows

tule

relat
It is obviour thet meny of the propertics of mareging steels are in-
herited from the =18, I'i matrix cincc the deforsetion benaviour of
’ (91)
maracing steele nig very similar to those obecrved by Floreen, in

this composition. nowever, Ilorcen showed that

[

e binary 2lloy o

.

the particuler hardening mechanism is very important rince optimunm

strensth and toughoece ere only obtained if hardening is induced by
a combination of -Cobzlt anud 'olybdenum. It i¢ therefore important to

cont sider tiis combination ae t. whether it iv in fact responsible for
\J'\4 )
the high toughncss valucsce ¥lorecn phoved that various teraary

precipitation harden cyetenme bascd on Fe= - al ccone ittle
precipitatio a iny cyetens b n re-1& i, all beconie brittle

at eilrength levels of 110 tons forec/rgeinci.e  In sunporting the

contention that tue Jo and Lo combinntica is unique, in & gubseguent
(94)

vaper by lorecn and ! peich it war rhown that the addition of 27 o

1

to Ue=li=Co-71i &ad ie=Yi-T0=-A1 alloys rcrultcd in a mariked improvement



in toughnee:. Thig addition reduccd the degrec of prcciﬁitation
in the grain bouadary and it vwar thereforce concluded that the
cleanlinece of the grain boundarier rather than the hardeging
mcchanicm was the inmportant factor controlling toushncss. This

effect was concidered to bes imilar to the beneficial effect of

olybdenum in suppressing temper cmbrittlencnte

The role of Cobalt in maraging stccels is also rather obecure
but recently it hes been suggested that Cobalt reduces the stacking
fault enerpgy of the matrix in addition to its cffect on the solubility

(¢5) (96)

of liolybdenum. ; Although cobalt is reported to reduce the

solubility of molybdenum in ma

[{o] C‘

raging stecls, resulting in an increared
} (7¢) (€2) (e8)
precipitation hardening effecet , ranerjce ¢t al sugpgest: thet the
x'rdczl s effceto are directly additive with no synergistic effect.

The reduction in etacking fault enerpy produccd by cobalt sdditions

was found to result in & emaller dislocation ccll structure after cold
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defornation of Fe-:i-Co martensitce. It is un

cuch a cell structurc would improve thec toushness of maragiag-type
(€7) :

alloys eince I'loreen showed that elip in the Fe-187 Ni alloy was
lergely unaffected by the sub-btoundaries present in this structure.

It might aleo be expeeted that a recduction in ctoeking fault energy

inhibit cross slip, resulting in an inereasc in the loealiscd slip

[y

on rertricted slip cystems, vwhich Florcen obrerved in tlic binary Fe=I1i
"alloye “uch @ restriction of =lip ir uruelly conciderecd to increasc

the ctress concentration at tic head of dirlocation pilc ups . end
' (85) (80)
inerceces the tendency for brittle feilurce rancrj:c ct.al also



obecrved that cobalt edditions incressed the tendency for tﬁinning
to cceur at low tcoperatures, which tend to inerease the brittle
failure. The reduccd sincking fault cnergy produced by cobalt
additions was shown to rcducc the tcndenéy to foram cub-boundarier,
the deneity of diﬁlocationswifhin the matrix being increésed; This

wes thought to inerense the number of nucleztion ;1t for prccipitates,
producing & finer, morc uniform azztrlbutlon, wqich ic conridered
teneficinl to the toupghness of ;he glloy. It.would SLPear nowever,
tuet the éobalt eddition to mér(iiﬁr a'lloys it unlikely to be respons-

itle for their good touginess, snd in fact may be detrimental in this

respecte.
(s8) |
Conrad heas determincd ihe flow oiress of aaraging alloye in

terns of gtherinel component, which ir sensitive to temperature aud strain

rate aud an ethernal coemponent which ir propertionsl to tle shear modulus
and varien with temperatureeThe therae? component may Le sigiificant in
controlling tho impact transition behaviour of maraciag ctecle eince an

inercase in the thiron 1 component maey be expected to result iu brittle

Lt Fal
veaavicur ot lower temperaturee. Coared concluded tunt)zt:*w -thening

echanisn ia maraging steele wns atheraal in naturc and arvosc from the

presence of the procipitate particles bLut, it is dif'iculu to eee why

othcr typec of precipitate should not have a similar cffect.
(
hJ
IMorcen COl'lder tunt the Ui0 porticles may have o special
w
cigdficance, however, since otlicr precipitates rerult in a reduccd

toughne«es  jle hat noted thet the Ui Mo preeipitate ic metasteble end

“

propored that the metactsbility may result in local enrichment of the



matrix in nickel, as a result of precipitzte dissolution. It is
suspested thet this mey allow austenite to nuclente on the preceipitates,
the sustcnite tﬁen preventing void fornation and thus delaying ductile
foilure,  This proposal moy be recponeible for the obrerved combin=
ation of propcrtize in 18% !i-Co-I'0 steels, and woﬁld explain.to some
erteat the critical nature of the composition since lower nickel
contents would reterd suctenitc formation during ageing. However, it
is pogsible to argue that oll precipitates are metastoble since the
normal coarsening of precipitatce is continually in progressc end
involves a continual solution of finer precipitates with the solﬁte
being re-precipitate on cosrser particles. Thus 1t could bc crgued
that eustenite formation on exicting precipitatee is as likeiy to
occur witi: other typce of precipitates ar it ie with Kigﬁo; with

precipiteates having o fee latticce

Another important fector governing the sirength and toughness
of maraging steele ic their fine grein eize.  Thir aspect has rcceived
relatively 1ittle attention by most authors but could be considered
vitel importance in more conventional stecls. The only rcference
relating to the effcet of grain sizc which is knowa to the author, is

‘ (ge) :
hat of ZTetert. lic examined 154 Ui maraging cteel and showed that

remerkable strength end ductility eppeared after snnealing tcmperatures

. . . o
up to llCOOC, but e further increoce in enncaling temperature to 1100 C

]

increascd the noteh sencitivity to such an extent ilet tencilc specimens
, .
broke at the f£illet. Again it cean be argued that grein size control

is not the moet important aspect controlling the ductility of those

steels since Detert obtained a yield rirength of 145 tons force/esqQeinc h



in hir &lloy, combineé with & reduction in area of 1.5 althoush

the grain size hasg IoRT o] SN Theso propertices werc obtoined after
. as eanOn v ta s . 5
solution amnccaling ot 1000°C and it ic probeble that & more conven-

tional enncelins temperature would further improve the ductility.

2.8¢1 - lanpenecgc Yarssine alloys .

It ic kpown that: the o=l and the Fe=-ia alloy cystiems have

sinmilar ecuilibrium diacrams and show similar phase traasformation

Fal

believiours. Consecquently, mangancsce hes often been uubutltutc for
(99)

nickel in mararzing steels, Patternon et &l have chown that substit-

ution of mangancee for nickel does not markedly affect ilhie mechanical

[

propertice of the 187 U1 merazging steels. In some casce they hove

reported thot the propertics achieved by tlic addition of &) ! to
127 ¥imareging rteels were supcerior than 187 11 rparasing tccl. &

aunber of worlkers have found brittleness in the precence of large

guentitics of mangancec in Fe=In alloyca Therefore, partial recplace-
' (39) :
acnt hat Luen attempiled. Patterson ¢t a8l susgeste that when nickel

is pertially repleced by manpoaacsc, FCBQCcuto ordering rcaction is
o (1\,'\}
suppreoscd by o 'm=Ti or 'n-10. Goldman gad lance showed that the

3

intensive hLardening in Te=n=1i-71 ipc due to both thic orduring and
-

preeipitation renction. They also suigpcrted the procence of mangens=

-

¢tc ian the couilibrium preeipitate (Fe-ii-'n) . Ti vherc nlckrl and
- [

nengancee atoms substitute for Te etome in the Hrecipitate Fagri.

£.8.2 Austenito Leversion
The formation of austenite Quring the ageing of maraping

1
o+
(s}
Q
‘.J
"

has recently rcccived a great deal of attention. ALustenite



is reeponsible for roftening ot long agcing timers It is

also ascocinted with a chanse in eleetrical conductivity, fatique
‘ (102)
propertice and ciress corrosion eraching

©
)

when thu martensitic is rcheated, one of tvwo things may
happens  IL the alloy is brousht to & temperature below 4Ls temper-

cture {(i.ee. the start of thoa&aﬁ‘m?mrformation), tae asrtensite

will decomposc into the equilibrium suctenite and ferrite
’ (108)
compocitions. The rate of this reversion reaction dcpends upon

the terperaturec, Por meraging cieelc the reversion is at the

Q

temperaturc of order of 485°C and is slow e..ough for considcrable
precipituilon uszrdening to be achicved before tue reversion reaction
predominatce. If on the other hand the alloy is ucated above the
At teuperature the martensite traonsforme by o chear rcaction back

to an austenite of the same compositions Ia practice, it is quite
oftern found, cven with relatively fast hcating rates, that come
reversion occurs during heating, which influecnces the SUboCQu€lt

slhicar reaction.

(104) .
In Fe="1 alloyr, 4llca end tarly have suspceted that after
Lheating auctenite is formed by the following diffusion coantrollcd

deconpor ition rcactions
! t
Ro—> X +3¥ (6)
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The ¢ffoct of varistion of i, Co, Mo znd Ti alloying

zusicoilte rever: fon in je-=.1 alloye hze becsn ciudicd

nie Lindinge vwere as follows:=

inerearning nickel content (1177301) and cobalt

{8220 aceolernte the rate of custeunits

re V()Tlalﬁuo

inercacing the titonium content 1Luuﬂcb,the

of musteanlite prorent boenuse ditanius reactc

nickel in the matrix to fora i, 01 thus rodoe

the overall slchcl content of nmatrive

voe

faormaticne This suggerts that ouch of the
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coatinuen ustil the vhole Laih Ao gongsunicile
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irecipitatinn on Veth boundnries

nroves the toughaces of tie ziloy

annunt

.
with

«

W0lybdenun inereases the teandency for suctenlte

in

evereion ie caaorslly dndtisted ot the rmartoanite latn

SunLenile

in

wihich

(106)

would be czpected to cnuse the cmbrittlemcnt and deercoce in strengthe



(105) (107) »
Petors and iall heve studicd the austenite reversion in

nickel maraging steclse They have ghown an inerecee in the total
volume of austenitc during thic carly stascs of the auctenite rever-
cion reaction in the presence of rciaincd austeaiitc. Thic cffect has
been sttributed to the case of austenite nucleation boceuse of micro-
segregation effects in the martoncitic matrix, and zlso the rapid
(106)
growth of the reteincd austenite ae there is no nuclection problem
The effeet of molybdenunm on the ageing kinctice of maraging
stcels (Pe=li=Co-i’0 - small amount of Ti and A1) has Dbsen examined
, (1cg) ' '

cecently by vaum Dul and Dabosi. - They suggected that the increase

of super saturation of the matrix in molybdenum is associated with an

increase in the rate of precipitation and the tendency toward austenite

PEVET 100

2.9 Trittleness in lsurancse Steels

‘angancec with tlie presence of carbon in high mangenecse
steels improves the impact propertiec. On the contrary, in very low

arbon mangancce alloye, embrittlement is associatcd with menpgencre

(ee)
end thie tends to be intergranular.
(108)
2dfield first reported intergronular brlut]cncss in Fe=!m

alloys and found thet the brittlcencecs was duc to the grain boundery

carbide formation, rater the brittleners was attributed to the
{11
formation of K phasc from € plasc. It also hos been suggested

tunt the ocecurrence oi enbrittlement is duc to the tvinned martensite

{(111)
structuree. 4 Tecent wnvestigatioa contradicts both of these



(€5)
Dolton hes found the modo of britile fracture to be inter-

granulare e tleo pointed out that the cmbrittlement may bLe the
result of the prescnce of gilicon and concluded that clloye with

lower imsidi ratio were wmore brittle than alloys with hicher ImeGi

ratio leee,y v ' increasing the gilicon content increcsec the brittle-
NCEE.

Although the phonomenon of enbrittlement of naracing steele
is related to that of tempor brittlencss vwihich generally occurs in
low carbton etecls, ihe causo of embrititlemont is not cvidente Temper

¢

brittlences is usually associated with the segregation of Ac, ob, P
(112)

end 8n 1o ocusitenite grein boundary cites in fee lattice structure.

inbrittlencnt may a2leo be duc to mangancoe segregation to nustenite

grain boundarices. Such sepregation may decrcase the surface cnergy

of iron to promote an intergranular craclie

There arve many poscibilitics reparding cmbrittlement. It has
been suggssted receatly thetl the removal of britilenees mey be achieved
, (85)
by custcanite reversion at high tenperaturcse

(112)
Capus et ¢l have sugpgoested that molybdenum improves impact

propertics by its cffect on the sepregation of impuritics at the prior
sustenite boundarics rince its segregation tendency is much higher than

I

chromiun and mangancces. They aloo ourpent thet iolyblenun segregation
at the prior auctenite boundarics could iale placo during soiidification
and that molybdenum remains therc during heat trcatmcgt. ifolybdenum
ptoms at tho prain bowadarics attract impurity atoms regulting in the

formation of molybdewun impurity cemplesese This noy prevent embrittlc=-

ment by *tying-up' the impurity atoms.
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Sele Alloy Preparation
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coend invertipotion vere vaeuum

Tie 2lloys used in the pr
neltod and cast into 81t ingots € Jnch cquarce The ingots werc ho
rolled to ¥ igeh diamcter bar from o roaling temperaturc of 1206°C
The compositions of the alloys used in this dnvestigotiior arc given

1.3

niobium wan aldlcd to

J

clement in an atbeapt ¢

come of the boasc sllo
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i

d for iaveetizotion verc

tus elleys ac o grais vofining
offret the brittlenceos fowad proviously in

mOi . . . .
16807C for halfl an hourin a vacuuwd furnaco, gquenchoad into votor and

liguid itrogen and subsocuontly apged in ealt boths ot the eoleotnd
temneratures. The deomporature of the calt bath woo countroalled o
within ¥ 5%. In vicw of the losr of mansonese Lrom the czaple
{(olthough the vacuun furnace wee carcfally eontroiled), it was

cat that the ctructurss examined during the dnvestigation were rop-
recendative of the bulk moterinl, ratier than the surface donudod
Z0ice YO cnaureithat thios was thoe cancy 2 coriain layer was rsiEovo

fron the samplo cwrfac

carbido papere It vas alco imnor
wap produced solely by the defornm

¢ by polich

ing on

i

o obrcrved

e
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tout thov the marte

s

tion pracest, and not by the

-
“



polishing proccsse. In order to remove the effcet which is due 1o

bho poliching, the spocimenm were polished on & range of wet silicon
corbide papers to e G600 grade nd then on & 1 micron dizmond whoele
The gamples werce then ciched end repolishad on 6 gnd 1 nicron
dianmond vheels to produce o deforantion free surfocce Althourh
epecial care was d.cn duriag mechosnical preparation, it oo
Qifficult to produce a deformstion free surface for cranination.

Therefore an electrolytic polishing technique wes used as thoe final

stose before ctehidnge The sumples were electropolichod for 3-8

seconds using a eretilng of & volt and 0e1& smp supply in an A~ disopol
[

L8257

solution.
The infiucnce of plastic deformuation ou the ausicnite to
nortoasite transformation was studicd on samplcs which had bzen cold

vorked by rotary svoping. Twelve cn leagths of moterial from 2ll
the quenched 2lloys vere deformed to dizmcter reductiong of approx~
imotely G¥, 124, 18/ cnd 247 compared with the original starting bar
reduetionss The reductions verce carricd out atl room tempsraturs end

o, . s -
also at ~186 (licuid Litrogen tomperature}e In order to reducc the

8]
3
o
o]
>
&1
[@]

{ isothermal martensite formztion, beezuce cold deformation

nay inereasc the ! of the alloy to some value td, tho rods wore

n

cooled at frequent intervals in o bath of water held ot room tcmp-

. . R R o,,
evature. At the intorvales during deflorantion ot =186 ¢ the reduced

.

senplon were hept in liguid nitropen approximately £0 ainvter boforo

e

further deloraation.

4 stein ctelidugp technicue wos found to be the moct succescful



m&thod of cxégining the microstructure of =il the elleys used in

this investigotion. The cirin ctehing tcehnique uscd in the present
| (€e) |

vork was initislly used by schumann. in this davestigotion o

supcroatureted solution of 70} Sodiun Thiosulphate ound 87 sodiunm

rotebioulphite was choudih after months of experimeontatione  Thic etch

showed the o martensite biué,‘e martcncite 2 straw colour ond the

austenite brown. (Figures 80, 201, 162 and 10S)e. Although this

ctchant wap ﬁsaful for alloys 15, 16 aad K7, the best ctehiag

techaiguc Tor alloys E?, EZ and ¥4 was found to Do a double tronztment

in 707 Sodium Thiopulpliate + 307 fodium Netabisulphite after on

initial cteh in G uital (Figures G4 end ©0).

Ce Thin i'eil Frevaration

Thin foilr for clectron nicrosecopy were prepared by the
cleptrojet tecchnique uging @ Polaron usite Dises of approximately
0338 an thiclmess wvere cut from Snm dianctor rods in g Polaron latho
u g o fino enrborundun cut off wicele The dises were ground on

fine cmory paper to flat and parallel surfaccse Thin foils were made

3

, . ,
from the discs in two sia

in a joet of 257 Pcreholoric sceid in Vethnnol ot 18 volise
oroducced o double concave shoped Gine of bright surface finiscihe The
lisking time wos about € geconds {one cide 5 sneconds, other O seconds)

for & 0.122m thick lise. “he dicbod dises vworoe clectropolished in
5/ Terchyloric acid and 95/ cthanol watil perforation . occurce Tho

perforated disece were vemoved from the electrolyie and vashed thoroughly

in watcr eond ‘ethmnols Thin foils were alwnys ezamined in the clcetiron

LT



nicrogcore imiediatoly after perforetion boeouse of the panid
deteriorolon in the £oil oven vhon otored in mothonele Jom GAT,
£ ICD B oond Philips 21 800,100 KV electron nicroccopos vere uscd

[a308

[

for thin foil craominntion. Eramineticn of all the thin foils was vory
tedioun becauss cvery eicn of the cpeeimen which wazn obsorved could
only bz photopranhed aftor tho. elcctron microse opa hed been realigacd

to eomponsate for thc magnetic offcets of the cpocimon.

Sel Gilotoactry

. .
nme

Spocimens 22my in leagth S in ddemcter were used to deterainc
the twansformaticn toupcraturco. Troncformation studics were carricd
out on o ILinceis dilatometer wilth water and avpgon cuenching atinchacnte
wartensite tfau:fo aation touncratures {(I's) wore mencureod Ly the
ciange in the length videl ir fronenitied o o Ligh speed chart reeorders

. R e . -
Mflerent cooling rates {varying from 50 - 140070/ /nin) vere vced to
are the o temporaturcs  Quernehing war coreicd out cftor o0 ninutes
voteniteging at 1000%Ce  The dilatometer compiotsof & dmm inside
diameter silien tulc into whieh the opeeincn is fed thyourkh o window
ground into the bottonm. (Figure 8)e Tac cpecimon lengih change io
tronemitted with o silica pueh rod to o Thilinc typo (FREO1G/0L) trange
dueer mounited at the ton of the cilien tubo, ond ito outpul is then Led

into & Philipe type (FLGSLG) phase bridric o record e nillivoltl oul-

put on tho Deazin of o Fhilips type (FREERD/IN) r=Y roeoriere Tho
3 J N T 3 ; . s flen g e 14 P S 5 TP
cpgcinen temporeture le simultescously rocovded oa the Y agin ol ithe

Y=Y rcoorder from o plotinun/Hleotinva 16G) rhodinn ithoernocouple, wideh

hole driilled nlong the contre line of the
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where

a Foctor depends on 6, the reflecting set of

-
o
=

{

planes and crystal structurec.

\') = Volume of unit cell
F = Structure factor

e = PBragg angle

-2m

temperature factor

p = multiplicity factor

For ecalculation of the volume fracticn of two phases the equation

. then becomes:

' “\kloi IN(\K: Rh‘(‘o('cd\ RH{‘K'CZS feessesceens (8)

wvhere

Ihkl = leasured integrated intensity of
Ih‘db’= Measured integrated intensity of
Cx = Volume fraction of (¥

be = Volume fraction of &

C. may be calculeted as a percentage of the total phases.

TR
“ ikl /RbkL+ Ty /R oo 0

Co end Cy are valid for a random oricntation. In alloys where

preferred orientation was evident, as large & number of pezks was
examined as possible to improve the accuracy of the phase determin-

ation.
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' 0 . . s .
=1007C and =180 C vere echieved by vsing icc, polid C0,, icopentauc +
[ .

jard

liquid nitrogen and liquid nitrogens TFor tomperature above room

(49

{ecmperpture a thermontatically controllsd olcctrlcaulv heated oil
& J 9 o

ath wae usede Pie time dcley in transferring the test pleec from
> ¥

v ps%2}

S

the heat treatmont medivm to the tost machine vwan short cncugh o
aveid eay scrious tomperaturc veriation.
Se Jordnesc Yesting

Spseimens used {for r=-ray diffraction and optical microccopy
vere subjeeted 1o a aardnoss tesi by everaging the reculis of Jour
Vickers hardness imprescions {ron & Vickere hardness machine with e

lozd of 30 kg

Lo "wperimentol Lcsulise
2ol Mlotomctric Analysic

The transformation tempcratures (Ms) produccd on cooling
1o room temperature, arc chown in 7able 2. The teaperatuvre for the
start of the¥sd transformation was an1§ slightly affccted by a varistion
in cooling rate varying from 56% = 1400% /mine Tue nddition of @oly=-
bdenum showed a considerable effcét on UMzﬁ»u'transformation start
tomperaturcs It wos found thet on addition of £.85. molybdenun inercased

ol
perature about €0 § over zbove alloy ¢« The i"s teaperaturc

”

& torg

by

the

P

of the &lloys ig sleo decrcaccd vith increasing itlic amowt of mangoncso.

. ' . . - N
(For exompless Alloy U4 with 4.85;. lo, 18, Imel'ns = 200 b)

(Alloy N7 with 4.885) o, 170 im-ro = 105%C )

.

In tiic present dnvestigation it was not poscible to obzoerve

o coparate o temporature for the¥s€ and €’ transformations. This



iz due to the faoct that thie contraction resulting from Y»E trans-

. ' 1
0n is compensated by the expangion produced by £k trans=-

L}v

formats

Tormntiornie

The martonsitic structiure formed by rapid coolingp revcfts,
whon heated, 1o austenite by & reverce shoar or a nuclcation and
growth procéss (diffusional)e  Tuc chear transformation begins st
gsome criticnl temperoturc; As. Thic valuc was cdotermined on cpecine:
that hod been previously water cucuched to forn martoneite, by heeting

£y

el varying raten. The reeults oro shows in Table e olybdenum
rather surprisingly did not appear to affect the ALt temperoturc of
the alloys (table &), Table 2 also shows that Ac temperaiurcs of
the alloys ere nod aleo affceted by o varintion in Loesting ratcg. 'As
temperature ic elso decercascd with incrcasing the amount of nauganesc,

. . . v O
iece anlloy K4 with 4485, Mo 4s-€50°C

elloy K7 with 4.857 o 45-652°C

Lxanminstion of the information precentsd in table £ showe that To
increasces with tlie inercase in nolybdenun contente To, (To = &
4_) rofers %o the tomperatures for thermcdynamic cquilibrium between
» B
auvstenite and martensite. IV is suggested that alloying clenments which
{114)
inercase the To retard the revercion to auctenito. in the present
{114)

investisation molybdenun in contrast to the findingec of Yeo, cnhances
the reversion to nustenite (mee IPigure 06)e It wao cxpectod thnt tho
revorse transformation on heating would go through the bee > cph = fee

scqusnce but no indicction of $huis scouence wae cvident from the

¢ilatation troco.



oird: Composition after Cvenching

™
L 3
0o

1 -

v. I - . ’ »
The §,E and K phsses wore easily dictinguishsd during

+

optical exanination after siain ectehing with 707 Codiun Thiosnulphate

. \ / .
& ond 14 shovws of mmrtengite

foud

300 Sodiun Motebieulphiites Vipurcs 1E,

(Gark), in tho € mertonsite bande {white) end sustenitc (grey)

Llloy E7 shovwed the lersest sustoeniie proin gize althoupgh

- .
P

211 the elloys were quonched from tue same custenitizing tcuporature
(10wc ¢} after solution troatuent for helf oo asure Somvaring
12, 12 and 14, it is evident that molybdenum ic rooponsible

ineroase in the priar austenite grodin aises  The influence of

for en

ranganese on the grain olize ic aloo importent.  The austeonitoe groin
(115)

size decreaces with oo incr<acce in the amount of mangoncsc.

LOLAV N &0

Lowevory A% is not monsidle to comparc the prain nise of the alloyo

{(¢52 7)) with alleoys (¥2>714) vince no satisfoctory nicrostructurcs.

of elloys (KE-%?&) in the quenchod condition vere cbiained by ctlain

1o procent in the thesine Turther investipntions erc oiiil

clohing Y
being carziod out and the results can be scen in the pancr o bo

(115)

“{H},ltz ...Jiu(u

Table I summerisco the relstionship botween 21loy compouition

. ‘ . ! . .
end the volume froction of lhe ¥, € and &« phascs preseat in o1l the as

i Laili,
quenched elloyse  The anount of retoined awsteanlte in the voter
quenched elloys (K2-2K4) ir uoll wien compored with alioys {(K5-217)e

@b the enount of ¥ in dircetly relatcd to thoe

It would appecy

mangoancee coatent of these alloyo.

- > s . N 3 PSP . b PRI . PR IR Y
It is koown thet manganeso 48 an custoniio otabilizing

al



elcement which lowers the xs temperature of the alloyse Thus,
increasing the Un cantcnt suppresses 19 o great anount the iraup-
ition from ¥ to € or ¥ to ! and rerults in zusienitc remeicing
in the matrix on cooling from zusteanlle phase ficldé to room temper-
eturce {'olybdenun also appears to play e direct role in the

transforactions. In contrest to the offect of mangencse on

. ’ 1 . . N
srangformation, molybdenus promoise the ¥»X{rancsformation in the

~v 18 o alloys (RE>F4) by r l’ ang the P’"r Yempoeraturce  Tolle 1 shows
that the 177 im alloys (PS5 and £7) in the veler gueached condition
contain approzimately the sams smount of oA martem:-i;c. The amount
of € phass in alloy 7 ig lower thoa in alloys 6 aud <. This

cffect arpears to be contrary to the effect of molybdenum obscrved

in the 137 in alloys (L€>id)e

The X*E—w(ltr'\“"”ozm tions arc elfcetzd by subzero
cuencliinige The pereentager of ithe phinsus a.i‘tér subzcro cooling are
shown in Table 1. Although subsero cooling did not sipnificantly
a:{’fcct the Vol@ne froetion of the phascs pre:;;cnt in alloys Y& -» K4,

. ’ . .. . 1
‘it was possible to partially 4reasform austoniic to msrtensite {£or o)

in slloyn ¥S=>r7 {able I).

443 rariensite 'I‘ranmox ations

. . V . .
The kinctico of the ¥2€, Co> ot and ¥> K partensite trens-
formations vere affectoed by compesition end deformetion. The addition
0e3 - - ! - 03
of molybdenun wae found to encourase the ¥->X transformation in the

~18¥ I elloys while monganess tonds to favour the ¥ € trancformantion.
O

{Compare alloys ¢4 =~ K7, and 13 « 0 in Pigures 87 > 94). In elloye



S2U7 the ¥=E€ trasciformetion van furthcr promnetesd by seall asounts
of dcfopzation (Fisures 83292}, Turther a@oufty of deforaction
Tevoure ! the Esoltronsformation. (Yigurer &1 ead 92). The € phaos

ie forzed Intenzively in the sarly stooet of cold deforamstion (up to
{(Fijures £8 and@90). The nexinun zmount of € phase (78
per cent) is obtained in 2lloy iS5 in the quenclied and deformed (at
roon tempersture) econditdon (Figure &9). In the quonchzd (to -196 C)
and deformed condition & nmavinun of 84 per cent € is reachod aftaf
12 por cont deformatiou- (lFipure U0)e It appeers fron Pigurce &9 aand

90 that 100 rer cent € phase ecunmet bo Sorned

.
.

\l-.c

1 theee @iloys in eny

' - vr s ] . .
Gunflition. &= 4 the €»™ trzusforaation ¢akes place in

the woarky oitages of deformation {Figures €7 mnd 28)e The effect of
Sufozantion on the €aod Lronsfornnsion is ditew ccd in €otail in the

-

Leetions defel ol fedelc

ad 20 that increacing amounts

- T Ty
It con b2 scon froon ol 67

-y PO o vy PR I S, 1. R N E -~ ey vy A
mstybdsnun din the 170 Tm 2lloys dcerzane the otability of auntealtc

1

deh an of piase beging to Lo formede Cold Jeformation

ol

duformation at
and phace trencforiation lead to connidersble distortion of the erysial
Y

ciructure, vhich ponerally sitabilizes the uatransfcorned aunsteniitce

he € phase ean be desoribed ecither as regularly favlied
cuctonite or o a cphy prane with oo ideal ¢/fc ratios T cecwrencso

»

of € refloctions 2t all predicted idesl enii monitione ond no change



in sustenite reflcetions cugpaet the idea thet € occours 2 & eph
phase rather then ag foultied nu.tanit v {Figures 1€ znd 17).
sxaminstion of derk ficld mic ”OC"w)nC and selected arce diffraction
paticrns confirmed that € phess is o hemagonel phaée, (1 curc 17).
The indoxed horagonal pattoern revealed the ((Gel) double ¢iffraction
spote Thie can only arico from o cph stvucture‘ané ;his 2lso con-
firas the cxistance of the hexogonal € phascf | ThHe (llo)de. (QS.E)E
PoWE

and (111)X gpote overlap duc to their vory ”xmllar atonic interplanar

spacing (@) {Tipure 17 aad {2ble 6).

(

E plates eppoar oo long - ztraipght oided bonde vhich intere
coet cueh othor inside tne austenite grains. {(Figuveo 60,71, 77, 82
ant 105)e In mout regilone vhere € parteansiic is obgorved in the
austenite oatrix botuoon

slacking foulte growing fron oac € plute o enotucy (Figurew 24, &7

aad V7). Thc ptacking faulic ore oriented ot a definits angle to the
planc aund are parallel t0 one another . (Tigure 57) The overlapplng

of siscking foults and/or € bands con zleo be scen in Figures H4, 57

—
i

3

Sl

1 105, Tae pilreaste in Pigure S0 in the <?ll>8,direction indiecants

thnt € fornms ao thin azhascts on (111)K nloncege Thooo shiccts are
perpendicular o the pleone of the foil. The streaked paticrn in

Pipure B0 ir due to the feulted asustenitec and/or thin eplstics. The

feulted porticlec vhich were identified ez & ¥~Dhnen precipitete {(Lpp-

(1s) (116)

endlx §) have boen proviouvsly ropeorted in Te=lm=0o alloyoe The
nuelention of tuls type of procipitnte znd itn inflvence on the

preperdics vor oraanloed and will Lo diseucoed in Jeotedl in the



.

The of mertencite van obmcrved to Yo ascceiested vwith the €
nestensite at the intercection of § bonds (Firure 106).  In 21l the
coses cramined oL martensite leths verc alva e asaoeiatad with one or
morc E bands,. The zamounts of € phese nlso arponred to incroose ﬁy
emall amounts of deformation (Pisures €0 and €2)e mar@ensite van
loo oboervadinithe € bands with no ivdication of interscction of € .

In thie esse the € bonde were iying parallel to soch other from one

o region to snother o region (Fipuvre U2} Tacre ie no continuation

oL the € bandes into the xlcrystnl wihiell has- grova acroct the auctenite
crystale The czistance of such o martonsi 1o cryctale in o given € bond
supcests thet o martencito can nuclente indepondently of the € phasr.‘

- .

This will bo discusged in Jdoinil in the discuscion section.

Che letn morteanite (o(of £ } obscerved in the prevont invest-
iration vins etraicht eided Llaths aud thoese leths have different ﬁorph~
olo sies from the laths seon i other glloye. Tigure 105 showe tynical
lath etructure formed by guonching and 16 per cent deformation at
-3056%C.  ach inth arpotrs 1o be mede up of blecks of K o marteneito.
s oscurcace in duc o a misoricntation along the loth boundarics ag

{&1)
puziceted by bolden ot ale Pigures 15, 106 end 19 alsc shows typical
loth maviensite structurce In figure l@(ﬁtad; ere twin related regions,
Fisoure 10 chove vypicul twin related of morionside loths lying perellel
in the € narieasiice l |
In recent yeoros ihore hoe boen o ogreat derl of interost as
to whether the twing observed in I'e='n Loase alloys are trancsformation

twing or deformztion twinme Tie twin relotcd regions obscrved in mony



latho voried in width from 0.8 pa to ledprze  The cignificance of

2 s

these measurcuents wiil bo digcussod in detail In the CScotion devoied

to thue formatica of vias in leth norleancits (;Lcctiun Si)e

4N
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Trace dircedtions of cingle lathe of mortonnite vwors delerw

mined freom electron microgranhs and thelr corrooponding cleeciron
AR
(21)

diffrection patterns using thic metied dencribud by Hellye Dorten-

~

cite was ohoerveld 40 ocowr with o (112)-5 hebit plauz for alloye K

43

aad 57 (Figuwces 140 and 1EC). The habltv plone of K norioanite

5

5o

£

ppears to bo dndspendent of the trancformoticn soquenes whether it

EY RIS S S LEOONGE

IS

. 1] [} — . - -
in ¥>cA or $=2E€=p. Iocmupss slutiedicelly K oo form via the €

soms of ihooe woglons munt have boen ineluded in the tracse

»;

amlysine Similar 3“:: l'L’iC for Te=In~Co clloys hove beon veported
previeunly hy E‘.ts.c:.:y. In low stocking fould cncrpy olloys lecs

,..
P
v
hﬁ
[
(4]
e
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s
e
]
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et
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i

leths ie wloo reporied

. . . . - 2 1
faiie Orientotion “rlationchin betwecn ¥, & and

The furdjuasv-Sachs (i./5) and Nistiyasa- Wasserman. (/)

*

relationeiips arc well keown oricnteticon relationships  betwocn the
fee, wee and cpha phoscr durduy the zertencitie troisformaiionse.

-

The electron diffraction patterns £rom the € bands conisin-
ing « wmoriencite verce comnlicoted, since the reflections from all

! . .
threce puasens ¥ » € end of were pencrally proccnte T using the simple

“)

-~ g ~ ~ - Y 2 3 v o
derk field tochnicue of peleeling n diffracted beom as an imaging boa

it var porcivle to detornine which ohope povs riee fo o por



zpot on the comperile patteras.  Trom thepe composite clcotron
iffraction patiorns the orientotion relotionchin Lolwcen ZS € and o
rhessr hao boen dotermined to within F2 dep. (Pigure 17).  The

PAPOR, I AN N A S 2 mey & i - S T
cnglyels aano nroduecd the erientotion relnotieonship clooe to:

S ]

(110)y 2/ cetlye /7 (Q11)

<3“iﬁ>b’ /7 1§1@>E' V4 »<'.!.il>o(;

»

vhich ie the Hurdjunove~ssch oricntotion relotionshipe. The L/

"

cricntation reilationchip Latveen § oad o(’ wan ehccen rather than

v/ relationshiy:

(111)5 /7 (Gll)(xl
<?.3.1>b, / <L1C;>o<:

be obtein:d from the VO relntionship by o votution of

52 dogrecs sbout tho 11)5 andse oviever, the /Y sricntation

v

betweon the ¥ end owan alvo found in smome roglons
{(Figure 138). 'fhie chowe two bee, one fee matriz and procinitate
zonce The bee pattera hag the zone axd <’Lr"”-> tshowing tue DAY

relationchip, while the othor has the sonc axis <1‘>

4,4 The oiiect of deforgantion on the natriy ctruchurc.

Letel e forantion at rotm tomperature

The IZndlucnce of ¢old dedorouiion ot room tomperature on tne
setrix struclure iz showa in Pijurces 87, £%, 21 end £3. Iz alloys

e ¥4 the voluvae frociion of o martensite eossiderably incrosees
vith emall cnounte of deforaciion  (Figurce &7)  In elloy véd 100l &«

L4 in

marteusite structure is aclhilcved by 18, deloruniion vacrenn in alloys



¥2 and 118 further Cefornntion ie recuirad for o comnlete transforme

ation to K nortencite.  In &lloye U5, 116 ond ¥7 the initigl ceform-

otion product of custenite dr nmoinly the € phace.  Sulooguent doforme

'

ation leadrs to the fermation of inercacing the omownte of K ot the
crpense of both € and ¥ phoses. {(Figure £1)  The incressc in the
volune froction of the o foartonaitc ie aloo ascocizted with increasing

the omount of molykdeamae. Tirure €1 shove that olloy 17 contsining

aeprozimately 5. o L o gropior anosunt of | mortencite precount than
alloys Y6 and U5 with 27 ond 04 Yo rvespeadively.

The influcncs of cold deforsoiion Ly ouaging on the formation
Bal 1 '1 : N P A TP, B 1 - R PR P 43 3 '(\‘o
of € and o pharnse vao oiudicd in detailes Teforootion at -1887°C was
found to be nore cffcetive than Goformatlion al room tenperature.  The
Iy ! 1. n . * NS 4
complets E24 tinnoforastion in alloye 18, 70 ead 14 tooh nlece with

the amcont of

e oy ey .
of Zeforanition comn:

PANIN Y HN U‘.,.H CIL

rotuare (Yisure 0B)e 14 elloye DS K7

th il Torcatioen us o 1% veowlited in ool lnercoaste in

he 2oonnt of € nartes itve  Tiin vhe amsundl of &K

aex brnn it Vit Ineronsiag tar doforneiion.  The
axmount of X purtennite nleo Licronues witi tho

P T, SN S, RET-ae PITEE S O AP N ,
of moulybdenum, which tends to promotc 1he I3 wransforantion.

n

GO0 wan

iz structure prorent aftor & fornation ot =3

Tho natr:

in ciectro-

volishing coadition and ctcanat cornooition mads 1t poswible to examine



the giructures of the alloys (Tisurcr 95, 306,

168).  Tipure 1721 shows the optiecal nlcrortructure of olloy ¥

-

cucnched and G deformed ol =186 0. WThe drensformed rogion of

euntenite [browm) to € sartenelte {yo2low) and the rrovih of o
aartensite {bluc) insids € mertonsite can boe soen in Figores 171

he - Y AR e P i e ayer e dae B o, 5 -4 .
and 1(}@. Figure 100 shove Zine matrix structure vhich consistic o

in
I}
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- - ey e . e vy r
rertensite [N 507, of martonsits (I8N and

L8 Ageinr Dohaviour

£4,841 Lreinge aftor wanter ocucnehing

-~

‘The influcnce of ageing ussn the matriy siructure is chowa

ures 7442, Alloye D824 phows tho noet rerbed cf

«©

matris structure with inercasing eceing temporaturce In alloys 18-

the €38 4{rencformmtion tzkos ploce very ecarly in the ageing scousnce

R ES o

(Picurecs 7 938). hen the quenched clloye nE- 44 are ascd around

7007C £ meximun oceurs in the ¥2Etraasformation. In alloys 1290

(& $29

a5.00

tuy anownt of austenits inercaccs at tempercturcs in cxcens of S507¢C

(s} .
wd recchsr & pealr value betweoen 895G and GGUC dependings upon the alloy

comporition (Hzu fipurcs 57 8Y).

2 3 - . o e Y w £ L e e Y G w4, . NP
NO2TMICT RIS ML vhd amonnt ol X 18 weeocanicd witlhh an ansreLsc

. o { A% iy aph ~ey 2 o e P I ’ Ta on LRGN, I
in huardncor {Mgurces £0 9 0%je  Yhie § is thouslit 1o bo the Linely

divided ¥ - plhoce procinitatc. It was poceible to identily ¥- phase

11
i

precipitate vileh arpeared to be fovlted noridicles as shown in Figures

: - aer e o,
40, 52, 00 and OB. In tho temperature roange between 55807C - 700% thue

-

amount of £ ineransaen while the volwme froetion of ¥ deorcases (Pipures

a7 5 8S). vhis occurs ac a resulit of Y& trancformation which take



place efter arcing above 550 0. This will De discussed in the
. . . - ' . .
diccussion section. Tioe E¥Xtransformation wes ohmorved after ageing
O. - - . : X
at BE0C in plloys T2 < X4. The amount of ol meritenszite tranesd

from € murtoncite wes found $o Lo dopendont on the alloy composition.

m alloys (%8 9 ¥4) resulted in

The addition of 4.85Y "o to the 1
& S0, incrconse in the amownt of & maricarite after ageins for two

e sC . , - -
nours at 2507°C. {Compore Firures 87 gnd 80)e  Alloy ©5 showed vory

notriy otructure with increesing ins temperature

howo o tendeney to revert back to austonlils (Pigure

40)Ye Inm alloyo VO oud 17 o2t the birher orolng temperatures,
3 - oo e 3 T e Ty ey e DI TS 1
conciderablc ¥>€ transfornniion took ploee. Purther cocing recultod

.

in o deecrcaze in the amount of € ot the cxpease of & (IMisurccs 41
\ o

oxtt rooulied in the foxwation of fincly

: - L . QU A A N A Al NP PR S RS [ S PUTRR 4
dicirivuted procipidato.  AfTter orcdag ot 8507°C for o chtort time (2
hours), in the resion whore peak hoardasge occured {(in thw quonched aad

azed eoaditisn) oreceinvitatss were oliorved at the latl Lovadarice and

i
‘.!‘

Ue (Firure 48).  Fiiuve CU aleo maows precipitates both

&t [ R P O
die Loath bonidnriaete.

[ . Y e D
feliet Sefovnntion and HoGin

The soquence of phase chonyen oecuring furing afc
choruution vas ginilinr 10 those obsorved in the cuoached nlioyse

- Y. A
e O G LROD

Llthowh areing efter defornation rorulicd iu

nronerhl .7 {compur s 25 > a8
vithh 128 nierortructure wan ol mignil-



s EXP

hd N L] -y 4l Ty - “d o Fareey e S« - e yoen 3
icantly Cifferonte Tac only obvious 4iffcronce war that the

quonched defornad and o od sanpler chowed & auch finer cubsiructe

ure {(Figurc 180).

~

lectron Ciffraction snnlycic was used to identify the
rrecinitotcs Toac moin studics for identifi tzo; were concentratod
or: the foulied perticler which wore obmerved in the 18,0 I'n alloye
(2 3 ¥4} end alvo fine precipitatoc, both in 13,0 Mo elloys and
17/ n elloye. TFoulted particles can be scon elenrly in Pipwres 49

1y on further

¥ . . & -~ PN " % 2 " Iy ~ 4 Yoo o7 )
yanination of the deork field ingze chovod thnt Zaulted

rorticles were responsitic for the stronied pattorn chowt dn Tigure

50. e 1o the sane ctonic intorplaunr vpacing between both precip-

(AR

itates and matrix, it wao rather difficult to identify thie precipitatc.
Turihor oxam'nation wan corricd ont by Nersy diffrocetion on thal
srossly over-ancd souple.  Tho ifarQCUzOﬁ trage Cid not show any
AOWtra pealis which would avpecr due 4o the precipitatee I
deeliGed 1o carry out further electron Qiffraction cxnorinents on over-
gred specimense iR this cace it woes poosible to obtain o diffracition
nattern fron the ¢¢4, precipitate itsell (Figure 13&). The indéxed
diffreetion patiern for procipitate 4id pot sowm to Tit cxactly any
¢f the bmown otandard precipitate ﬁattcrn. % ooems more lilkely that

this is o A,D type precipitate with hosrazoncl structure end c/o retio

<
slightly diffcorent’from the Imova NI DL type procipitate (Talle §).



Tho ideatification of fouliod precipiiate which occured

predominantly in the 187 in alloys proved o bo for more difficult
than the identifiecantion of theo fine procipitatese cxtoncive
3

sulected arca clectyon diffraction and dark field analysic shiowed

that ths prosipitate vas o feultced ¥-phase particle {fee Figuros

40 and G0)e Tho czistaonce of ¥-phose preeipiicte has also boen
‘ (210)

Lo'? Austenits Yeoevercion

Overagihg in these elloye ie mainly duc 4o the reversion

of th tenrnite motriz to susteaito. Auctenite roversion can to

[&]
]
foie}

3

markedly alffceted by alloying additions In nickel poraging sieols
(1)
nolybdenun hag Loen peporited to enhance the austenite rovorsion.

Ia the prerent alloye molybdenum chows thoe same effcect as that

cbeerved in nickel mareging nteelss Pigure €0 shows the incrcass in

o &

-

thie nmount of roverted austenite with incrcasing the asount of noly-
wd [

‘

bdenwie

The influence of agning time on the aucteanite rovorsion was

investizated in detoil. Tt vas found that tho rats of austenitos nucleation

ot very short ecgeing dire vas higher thon et loanger agelng poriods.
{I"Lgure G0 fi ageing $ime Qid not pignificantly offect the
pustenite reversion in glloys 16 9 17. (Fizurc 67). The effect of
was aleo studied in alloy #4 (Figurcm 02 ond 65)e A6 expectel it was
found that the cnount of roverted ausicnite increases with inercasing

. O, 4 pepO . .
trmperature from SE57CG to GO0 Ce Austonitc formation was obn rvod



at tho lath boundarices. TFigures 48, &1 end 8 cghows the micro-

-

structure of aged nlloy showing elongoted austenite ribbons struag

&t

out at the loth bounderice.

Le8 Feochanieal Properties of Guenched and Accd Slloye
4¢861 Touglhiness lata !

A1l ths élloys axam;‘ud in the am quenchad condition
‘sbowed good impact prepertivs at room temperature (Figure 145)e
1t was obscrved that the zlloys 14 and K7 which contain £.85/ Ko
showod n steady impact toughsese transition with changing test

. . — -t A A [ | NS 3\-‘
tempercture, in contraet to the apid traunsition of the alloyc 9?,

K8, X5 end ¥6

Agciag of the alloys L2 14 at temperatures betvcen

3 o . . .
3507°C end 520°C resulticd in scvere cmbrittlenent (Figure 146). A

rapid deerease in impact toughnese ocecurred after a short ageing

time (€ bres). The alloy ¥4 containing £.287 o chowed diffcrent

' . ; . .0 .
bohaviour from tho alloys ¥2 and K. LAgeing at 860°C¢ produced

rapid cmbrittlement in alloy Ké vhercene the alloye ¥E and 13
showed an improvement {Pigure 1486). The broken charpy specimene

verc eramined by A-ray diffractios. It was found that a Targe
gmount of revericed aus tcnltb, approxinately 50/ after ageing for

2 hours st 550°C, war present in alloy 14 (Pigwre 89). Although
the alloys K2 9 X7 show & ductile brittle trencition whes subjected
to impect tests over the temperature range -IQGOC'to 10000, 1oly-
bdenun improves the impact properties of alloys in subzcro temper-

etures (Figure 145). The influence of ageing after deformation on



the impoet properidics of alloys ¥6 & K7 is chown in Tigure 148

Tramination of results chows that the alloyes £6 9 17, in tho
qucnched, deformcd and aped condition showsd much better imsact
properiies than alloys E2 9 ¥< in tho quenched and aged condition

. o, i . -
t”r agcing for € hours over 500 C. (Gompeve Figures 146 with 148).

It

o - v,
46802 “erdocss Pota
; P PN o [s N 1 Ty oy o vy SN v 7 . PN .
Iardncse moasuremenis showod thot sipnificent age havrdening

oceurred in alloys HE 9 ¥4 by arzeing after gquenching., Figures 20 & 03
show the offcet of ageing ten perwture end epeing time on the nardness

of all the slloys. Ahgeing after deformntion did not significontly

affeet the hardscmn of alldys I8 S ¥4 ot various teumpervaturce (Tipgures

117 = 102). Tipgurce 26 = £5 ghow that arelng after guonching did not
produce consideorable hardconing in 2lloys €6 9 7. oviGVery dolorn

. ' : PON N .
ation and azecing both nt roon tonporoture and ‘; § resultcd in

£ coﬂ'i erable inercosce in havdnesc of thesc olloys (Pisurces for

)

hardaces £Y and 80, for ageing 188 9 180). Althouzh there io o

3

. R WO
sn2ll azownt of o formsd duz ing LCJOTH@L70; 2a glloy K5 at ~100°C

compared with alloys UO and V7, the Lardncss inerczues gquite cub-
rtantinlly (Compare Figurco 80 vith 58). Ti scens probable thot

ingreese in hardness oi & reruli of deformstion i parily duc Yo

etrain hoardeninsge of the sustoniice

(&

. e ‘o KIS 1 ot N v S S - 1. b) -
fsondnoation of tue hordunons recults indicatesn that a;lgbra:

conteining ¢ nsiderable cmountsof roioined susionite arc goncrally
softer oud do not hevden nporecliably. L4220y 47 cuntaining 587 Co

v
]
..l

r"-

and 4.850 o in the quencioed snad deforacd cundition showed the most



a0

Tk

useful h

dendng offect cuggenting a

a similarity {o the synergictic

effoct well bnown in nichkel maraging stecelse
fialla Yengile Toot
The Tongile propertics of atl alloys in the enchcd
conditions are chown in Tijurer 108 and 140. The alloy 4 contoine
ing 44057 Vo shows the Ligzheet tensile otross of 1&0 1r/av (83PTase
::_, -
1Py m/ne  Lwanination of yield sirese chowed thatl ageing did oot
cipnificently affcct the yicdd otress of the alloys (Uigwres LIU end
148)e  The influcnece of ageinyg tsoperature oiter que acLing on ihe
. g v o . N 3 Fa Py PIPPYN L AR N .
tenrile stices of the wlloye 15 17 was aleo ineffeetive {Figure 140).
ror ovsluation of mechanical propertiece it the quonched end

. b4 * Y - -~ Ly EAREY ho%e 24
e formed condition, tonsile test pilvcces of elloyn 5 LY were pri-
> a3 Fy 5 . ot o L PPN s .1 .;... - .-,."(\y.!r -
siredansd up o U ner o cont In 0N Inowron LUE g fGCLIn
arcinge  ConeidersLlu imprevenmzot dn the vliismate tenoile otronith
TOARY

e not sufficicnd to examine thorory the effret of deflorpatica ou
the rechanical nroportios of thesco alloyoe

r > )

e Digcussion

In the precent investigat

e geparate s itemperaturc

formzations,

for the ¥~ € and &'

the similar atomic volume of the €

simultaneous occurrcace of the ¥-£ ond E->

.

ion, it wae not possible to obscrve

trancformations.

end 8§ phases.



The first explonation ic uhlikely'becguse X~rey diffraction results
did not show any similarity betusen the atonic volume of the € and 3
phaces (see Table 4). Howevef, it is possible that the true unit
ccll of the cph € phase differs slightly from the calculated valus
and this could explain the absence of & separate i's temperaturs for

1

the ¥> € and €->x .

In the second cace it 1g posaible that.the contraction
resulting from the ¥» € transformation ig comp ted by the
expansion produced by tie €> o' transformation. Furthernore, the

¥ x' expansion cmanot be negleeted, and it is posgible that the .
e firet observed is not necessarily the true Us for the ¥» o trans-
formation. On balance it would appear thet séparatc I's temperatures
afc not obcerved due to the simultancous occurrence of the J>€ and gro!

trensformations rather than ¥ and € phasce having esimilar atomic

volumes.e

In order %o produce a martensitic transformation aa alloy
has to bs undercooled from To to Ks because enerygy has to be available
1o supply the non-chemicel energies, such as interfacial energy and

gtrain energye The available energy at any tempe raturc T is the

. . . X v s
differcnce betwsen the fre e~cncrg; ol gustenitc, F ~,ana'bae nerien-

1
sitc F¥ at that teaperatures  This difference, usually called the
(i2o)
driving force is:
S,
oL ¥ ~
j (12)

AR = F - I R X N N Y

aad is‘posit'vc at temperaturce at which martensitc is the nmore stable

The effect of alloying c¢lemcnts on the driving force for the



martensitic tranzformation is importani. In the present investigation
an increace in the mangansse content from (approx.) 13 to'17ﬁ lovers
the s tempcrature. langanese in this caee appears to be acting in a
similar meancr to nicksl which dlso lowers tue s Lempcratufe in
ferrous slloyse. In contra#t to the cffect of mangans mc, aliering
thc.molvbdeﬁum content from O to 4.8£5; results in an increasc in
s temperatvurc for both tue 13, in and also the 177 Im alloys. This
cffeect on the ¥s is in contrast to the kaowa effecti of nolybdenum
wviideh generally 10J rs the i's temperature. This unusual behaviour
of molybdenum has also been reported in other Fe-I'n 2lloys conteining
(79)

molybdenum.

it is syggested that this anomolous behaviour of molybdenum
in Fe-n alloys is rclated to its eficct on the stacking feult cnergy

of the austenite. In alloys containing more than id/in, it haos been

suggested that the transformation scqueance is influenced by the
(c1)
stacking fauly energy of sustenite. For ithe ¥> € transformation

a snall driviag force is required because the appearance of € narten-
gite, vhich is essentially composed of sctacking faults on every
alteraate {11135 austcnite planc occurs when thc austenite stacking

(81) :
fault e¢nergy approaciies zero l.ce 107N In contrast to this for

the ¥=>o¢ transformation a high driving force is required. ¢ can
consider the driving force as that encrgy which ie required to
dlsu001atc the partial dislocations or provide the re-~combination

of partiels. Thereforc, it is possible to meke a correlut on beiween

the driving force, stacking fault eacrgy and ifs teuperatures. In the



present alloys addition of molybdenum increases the Mg temperature
in contrast to manganese which lowers ihe I’s temperature. This ie
releted to the effect of molybdenum on the partial dislocsation
geparation. An increase in the molybdenum content is thought to
increase theldfiving force for partial dislocation to combine with
cach other to produce ' from austenite. As & consequence of this
the I's temperature of alloy is increased and this may be related to
en increase in stacking fault energy. HManganese in contrast to
molybdenum lowers the ils temperature énd elso increases the driving
force for the dissociation of partials which produce € martensite
from austenite rather than the direét sequence of K martencite from

austenite.

The occurrence of internally twinned lath martensite in
which the twine are blocky twins rathcr than fine internal twins
observed in these alloys, has provoked nuch discussion. The theories

vhich are most closely related to experimental observations are based

- (121)
on the mulitiple shearing mechanism suggested by Acton and Bevis and
(122)
Rose and Crockere In both theories a shear on {11230d is chosen

as one of the shear components, becausce of the obsecrvations of twins

on {}IEkﬂiin some high carbon martensites exhibiting a iEES&X‘habit.
It has been suggsested that the twin thickness is related to the magni-
tudes of the shape strain and lattice invariant shear. The maxinum
twin widths in'fcrroﬁs alloys are reported of the order Q.1 ¢m. The
‘lattice invarieat shoar systen (lll)x<<121>§ was chosen in the present

investigation because the & martensite wae ascociated with faulting



, (21)
of the austenite to give hexagonal . ‘The relation between low

stacking fault encrgy and lath martensite can be clarified in: the
effect of prior deformaztion on the martensite transformation. In
some alloys, transformation is stimulated by small amounts of
deformation whereas 1aigc emounts results in retardatibn. Alloys
~in this clesg have low sfacking fault energy. In high stacking
feult: alloys the transformation is rctarded recardless of the amount
of prior deformation. Lath martensite is known to occur in alloy
. eystems exhibiting stimulation. The connection betwecen lath marten-
site and low nt;.c?lng fault energy may be used to give & furthcr
explanation of.thls_stlmulation by prior deformatlon. it the prior
deformation leads to thc formation of € which in the precent invest-
iration increasco with deformation then these could act as nuclcil
for aﬁbsequent Mf formation (Figurcs €9 aad 90). This would only
occur in low etacking fault enérgy austenites.  lowever, this
nucléation mechanism is not sufficient to cxplain whether the lath
m;rtenﬂito is formed by inhomogenoug ghear on gystem IT [(111)<<121
leGe (101 <<jl?1 o(low stacking energy alloys}ox it follows systcm I

[(llu\ <<;10i>8 ieee (112) <:}li:> high stacking fault energy

alloy%]accomouate‘ the inhomogenous shear by elip instead of tllnnlﬂg.
(24) .
Kelly and Nutting have suggested by comparison of the known features

of low carbon martensite that the first view is possible.

The formation of twin related laths parallel to ‘<ii0>§

end lying in sheets in {llg%'_may also be explained by & mechanism
(14) :
°uxgcstcd by Xelly and lutting. . According to this a first shear



occurg vhich is in fact half of the stacking feult shear.  The
. ' : g a /
atoms 1in the fault need only be shifted by a esnmall amount=hﬁf<<112j7
: : 12" ,
and produces three close-packed planec in which the atomic arrange-

ment is the same ag that of custenite.

The morphology and distribution of the twins observed in‘
these alloya is different from those teen in other alloy'systems.
Figure 15, 16 and 105 show the twin related regions which in some
ceses do not extend the full width of the lath. The maximum width
of twin related regions observed in these alloys was in the order of
1.4 ¢¥me Furthermore, deformation did not produce any significant
increcase in the number of internally twinned rogioné_nor was there
any appreciable reduction iﬁ twin widthe after deformation (Figure
105). In view of the twin widths it scems thercforc rcasonable to
assume that the twin related regions are.transformation twins rather
than deformation twins. The [ine twinned martiensite produced by
deformation, ag previous workers réported, was not observed in these

(48) (&1)
alloye. It is propesed that twin related substructure is dug
to = transformntion sequence of ¥ (€ or foulted ¥ ) - &'  rather
, (128
then & dceforcation proccsse.

Fine striations in the structure were oftcn obeerved through-
out the investigationc (Figurcs 423, 49, 60, 74, 77 and 82). It was
attempted to identify these striations by using simple dark field and

selected areca diffraction pattern technigues. There vas, in some

o]

ases, no distinction between the ¥ and € pliages since both

appeared to be the same (compare Figures 77 with 82). A4s it can be



sgen from#ediffraction pattern in Pigure 50, the streaks due to the
faulted particies, are pgrallel to <oool>% or *<&ll>% dircctions.
The existance of such streaks suggest thaet both ¥  and € phases
are heavily faulted on the (111)8 and (0001)

(54) .
ively.

£ planes recpect-

It has becen sugpested that the twin substructure is produced
as & result of & trancformatioh procces involving overlappihg regions
B (123) . .
in the matrix. The overlapping structure can be either stacking
faults or thin € bands. Regardless of whether the initial over-
‘lapping structure in the austenite is stacking faults or thin € bands,
the orieﬁtation relationship between adjacent regions in the martensite
laths produced in thie manner will be similar beqause the cloge—packed
direction .<11@>- in the ¥ is parallel to the close-packed direction
<§1§§>'in the € phase. In other words the overlapping shects of
faulted ¥ or € tranciorm. individua11§‘by different vafiants of the
Kurdjumov¥$achs relationship. In the prosent investigétion a nunber
of overlapping structures werc observed in thesc a11§ys which support
the idca thatbthe twin substructure is due to & transformation
sequence of 8§ ( € or faulted § )= ' . The overlapping structure

is shown in Figures 24, 57, 71 and 106.

There have becn many arguncnie as to whetlier € is an inter-

. (28)
medizte phase in the ¥> & transformation. Desh and Otte take the
view that € is & consequence of thf5%§rgo sheﬁfsgyrain(gi?duced by
the Y transformgtion, while Venables, feed and Kclly support

the idea that € forms before o ond & martcnsite then forms



within the £ bznds. The astociation between marteﬁsite and £
phese determines the shape of the martensites The rcason for lath
appeerence is that the groﬁth of the o« martensite is to a le*ge.
¢xtent restricted by the width of the € bande. The habit plane
of the martensite is perpendicular to the € band and would require
further faulting to increg;e'thc wiath of the € band. This restrict-
ion does not apply to ithe growih in the dircetion <1TO>K which liecs
in the plane of the E} band and as & consequence of this the &
martensite forms ac a leth with <ﬁo}long direction and a(ii&)x
(31) _ '
habit planc. The schematic reprisentation shown in figure 9
indicates the growth of o martehsite crystals with & (225) _habit
(58) (62) ¥
plane from austenitc. langanon ¢t &l have surgested tihat the
crowth of the € phase in the ¥ matrix occurs by the movement of
Q/6.<?Ii:> partial dislocation. e pile~up of such diglocations
ageinst twin Loundaries or pgreain bounderies produces & compressed
region. The nucleation of o' crystals is characterised Ly the
prescnce of a stressed region which is inithe <:21f>8, directibn.
Cince the E phase is more dense than q” it is more stable then o .
The excess pressure brought about in the stresced regioﬁ can be
relieved if an cxpansion to the bee lettice takes place. This is in
fact favoureble since o has a larger atomic volumec than € .« 4B
e result of the stress-relicving effect the X' cryétals begin to
form and continue growing inside the € phase plates. It is not
possible to distinguish between these péuuibilitios as far ae the

'crystallography of the formetion of &' is concerned and both these



bilities lead to the same consequences, provided that the

e

pogs

formetion or faulting is inhomogenous. If the first view is

correct o can nucleéte € .. If an & mertensite lath is formed

it would produce an € band. In fact in the presont investigation

a large number of o' mertensite laths were observed in a given ¢

bené (Figure 16). Iven though the first bands of € form as a

consequence of o' formation at a loter stage in the treneformation

the second poseibility would bs obeyeds. In other words, o maften-

eite would form in these pre-oxisting € bandse. liowever, the

above explanation may not be sufficient to clarifygthe mechanism of

ot martensite formation &5 & conscquence of the interscction of

bands. It has been previocusly reported in the present investigation

that the o vmgrtcnsite crystals were observed in an € band with no

indication of intersection of € bands which may support the first

ideg (Figure 82). IlloWever, this would not necessarily mncan that

the « martensite is produced by direct ¥ ' trancformation and

thgn o' transforms to € as a consecquence of lorpge shear. strain.

Inborder tc clarify this suggestion let us assumc that the «' is

produced by direct ¥> o' transformetion. The etressed region around

the &' crystals, according to the mechanism described by Dash and
(28) ; ;

Otte, woulé act as a nucleation siteé for € crystals. The nucleation

would start from both ' crystals due to the stressed reglon around

them. The growving of € platclets from o« crystels would intersect

in a region where they meet cach other. The intercecting region

itself would be another streessed region which would destroy the long



etraight sided appearancc of € crystale lying between two o¢
crystalse In the present investigation there wae no streased
region obscrved in the € crystals lying betweon ' crystels (Figure
£2). It would then bc recesonable to assume thet thie € marten-
site cannot nuclegte from the stressed region around the « marten-
site. This mechaniem is also unable to cxplain the occurrende of
internally twihned lath martensite vwhich occurs a8 a result of tranc-~
formation sequence (¥ € or faulted ¥» o' ) in low stacking faﬁit
(14)

cnergy alloyse

Further évidence that the < martensite forms from the
"martensite and that the o' does not nucleate the € phese can be

obtained from the results of the deformation studies on as guenched

samples (Fipures 89->02).

¥-ray and optical metallogrephic examination of the deformed
samples (K5 K7) show that the amount of € martensite increases gquite
substantially in the early stages of deformation whereas little
change occurs,in'thc volume fraction of the o phase (Fggures €9 92).
The occurrence of € phase before ' a5 a recult of ¥~ £ transform-
ation also confirms the idea that & 1is an intermediate phase in
some ¥« transformations in low stacking fault energy alloyse Figures
£9- 92 aleo show that further deformation increasesthe amount of
phese at the expense of € phase. This obscrvation is in good
agrcement ;itﬁ the arguments of those workers who conclude that

: (43) (81)
is en intermcdiate phase in the ¥~ «' trensformations.

A model to cxplain the fec = c¢ph — bee transformation was

(43)
developed by Stacey, which necessitates the deformetion of the cph



structure along the principal directions. The atomic arrangement

s considered to correspond to the minimum atom

e

chown in Migure 181

T3

b

¢

chift to obtain tu ¢ unit cell from the cph latticee The change
in lettice paramcter shown in igure 152 isdicatecs that en atom
moverent is dnvolved in the three principal directions of the cph

lattice. Thus for the transformation,; a situaition of invariant plone

strain is rcquired wherc therce is a € coatraction in tlc <<}0157%Ph

©
o]
cr
1.
(o]
Py
-
~

cir 11/} expansion in tie <§21CC> h(lirection and no change
cp

in thf <§Oolcphdirection (Figure 152). This gives a position vwhere
onc vector is undistorted (0001)eph and another undistorted but
rotated; The plane which conteins both of these vectors is there-
fore an invariant plane vhich is approximately (1010)5// (ii?)x' .
This proposed mschanism is similar to Bain'? corrcepondflice (See
Figurc 4) which predicts two principal strains i.e. 12¥% expansion and
approximately 20/ contrection for fce to bece transformation. This
model also indicates that the formation of c¢ph £ as an intermediate
phese betwecn fec and bee would involve negligible further aton
shifts. Comseguently fcc - cph — bee sequence is described as a
combinstion of a partiizl dislocation shear which produces the inter-
nediate cph € phase (in this case lattice invariant shear) along with

a Bein typo maricneite shear to produce e bec lettice from cph

structure.

The habit plane deternined for lath martensite was close
to (iiZ)x Sec Figures 149 and 150). The transformation sequence
vhether ¥ ' or ¥— €>x'did not affect the K martensite habit
‘plane. These observations are in argreement with those of previous

, (31) (48) (1)
workers for low etecking fault energy siecls.



Tac diffraction paticrn <llJ>, // <100> shown in

: 4 ol
“L sure 138 is reported to occur as & rcoulit of twinning in

(71)
zustenite prior to deformation. In thc prescent investigation
this type of orieatation relationchip was cxpleincd as two adjacent
laths edopting different variants of the Kurdjumov-fech orientation
relationship, <§li> e <<10@> orientation relationship would

also explain thie blocky appsarance of the martensite laths freg-

ueatly observed in the .2lloys.

It is suggested that manganesc increases the number of
- partial dislocations by lowering the stacking fault energy. This
esults in a number of o' mertensite nucleation sites. In other
viords in the same length of {11135 plane the npunber of growing
martensite laths is increaseds. Therefore, these martensite laths
cease grow th when they impinge on once another and producc & strain
{(in this case the orientztion relations hlp whkich leads to tho
mallect cirain is <111>O<, // éOOZ(: )e As a consequciuce of
this argument the blocky lath maftensitc take the form of blocks
end cshould consist of impinging laths wherce the interface between
the bleocks should be {112}5 which is in agrecment with expcrimental

results obtained by trace analysie,

There have beoen many arguments as tc whether «'—> € trans-
formation occurs on ageing. In the precsent invectigation X-ray
results showed no conclusive evidence in support of the X —€ trens-
formation. it has been supggested that e rapid heating rate may

: ‘ . ‘ .
gupprese the « —E iransformation and that when the heating rate



43
is slow the reverse shear trensformation is suppre(zsséd. In the
prescnt invcstigation experiments carried out with various heating
rates and showed that the heating rate had no effect on ‘chc‘trans-
formation. _'I‘he sccond explanation can also be dismicsed because
nartensitic transformetions would not be suppresscd by rapid
heating since transformations are generally e.tk.;ermal. Since the
neximun heating rate employed in this investipation wes IOOOOC/min,
it ic still poseible that the heating rate was not sufficient to
suppress a diffusional transfoﬁna.tion which occurred st a lower
temporature than the martensitic reversion temperature. This would
roquire the oxl>€ tr@sfomation temperature to be zbove 7GO°C, which

ig unlikely as the &'»¥ transformation start temperaturc was

ebout 800°C.

In alloys K2->I4 €~>F transformation takes place on ageing
abéfre SOOOC (Figﬁres v37‘ 38). The increacing amount of ¥ in the
fomperature raﬁge bet\a'een 300 -~ 5500(‘. could be due to £>X trans-
formation end an increase in the amount of &— phase particles which
nucleate in the early stages of apeing. In alloy K4, electron micro-
scopic investigatione indicated the existance of such a precipitate
(Figurecs 49 and 60). Figures 37-»3¢ also show thet the amount of ¥
reached & meximum and then decreascs.  This occurs as a result of
€)% end 21lso ®'2¥ transformations which teke plgcel after ageing
above 425°C. In the temperature range betwecen 550% - 7OOOC the
amoi;nt of € phese incroases while the volune fraction of &

decreases (Figures 38 and 39%). This occurs os e result of ¥>E



ﬁransformation on cooling from the ageing tempcrature and may bs
associated with compositional change in the solutc. When the
austeaite 50114 solution becomes richer with solute atoms, this
vtends to lower the s temporaturc. The occurrcace of a large
amount of austenite which transforms from o by reversc shsar
process and aleo from € nboﬁe 650°C io associated with a lower
s temperature of the alloy. The reversion of the matrix to

rocess and if

auztenite occur: either by z nuclention and growih ;
the temperature is high enough (above the Ag) by a reverss shear
process. It has been recently suggested that the growing of
austenite by nucleation may tzke place ot the particle-matrix

{ Lo6y
interface and results in <4lic consumption of ihe precipitate particles.
This nucleation mechanisr may be cimilar to the mochanism considered
in these slloyse It is shown in Fipure 64 that the cmount of revofééd
auztenite incrcasec rapidly et the initial stages of ageinge. This
considerable increace in reversion is probably due to the solution of
the precipitate particles and growth of austenite both at lath
bounderies and within the laths. Increase in reversion mey &lso be
re}ated to tlhe influence of molybdenum’on the kinetice of precipit-
ation. This mey be explained as follows. |

.

nickel is a well known austenite forning element which lowvers
the I's temperature of slloys. In maraging steels, the formation of
1o precipitate enriches the matrix

".3
: * (105)
in nickel. This is in favour of austenite reversion. fangaunese

Fbiuo compound or dissolution of I'i

also lowers the Ye tempcrature of the alloyse. Thz addition of moly-



bdenum to mangenese nmaraging steels may result in the formation of
complex ¥e,~ ko compound which enrichos the matrix in manpeicsa.
This may tend to increase the driving force for austenite reversion

since the onrichment of matrix in mangancse lowers the As temper-
ature of alloys. The As temperature of alloys shown in Table 2
indicates that increasing the amount of manganese decreases the As

temperatures of alloys while the sffect of ﬁolybdenum is negligible.

The influcnce of reverted austenite on the mechanical
properties and toughness of maraging steels Las recently received

a great deal of attention. Reverted austeniic is reported to have

no detrimental effect on mechanical proporties and toughness and cven

improvee these properties when precipitate slong martensite lath

boundarice. Detrimental effect on toughness is found when reverted
(124)
gustenite precipitates at the prior austenite grain boundarice. In
(124)
the present investigation in contrast to the suggestion of Pombillo et
al the revertsd austenite which nucleated at tie lath bouandaries

reduced the tougimecs of the alloys (Figures §1 and $5). Iowever

it is

J

ossible to assuﬁe thaﬁ the brittleaess | found in the present
alloys K2-EKk4 iS due to the reverted austenit; iucleated at prior
austenite grain boundaries. In conirast to the detrimental effect of
reverted austenite on the toughness of alloys, the yield stress
inereases with the introduction of revertcd sustenite nucleoted &t

the martensite lath boundaries (Compare FPigure 37 36 with 139). The
contribution of revertcd austenite to the yield stress mey be inter-
preted by possible effects on the ability of the martensite lath

boundaries to act as slip barriers. The observed adjacent laths are



not supposed to be effactive as cbstanles to slip since they lead
(83)
to low angle type boundsrics. (Figurs 113).  Shen austeni

ot the mertessite leth boundariern it would contribute to iscreasing
: ' (124)

the difficulty of transmitting slip acrocs these boundaries. This

‘could be dus to & rclaxation of siress concentration at the head of

dislocation pilcd up ggainet the boundaries caused by the austenite.

th eapeing time

e

s

Firally it is concluded thsot yield stress increases w
~elong with the increase in the volume fraction of reverted austenite
and is thouglhit to be due to the precipitation of austenite at the

martencgitc lath boundaries.

Figuregs 85 and 86 show that the hardness of the alloys
5= 17 increascs drastieally with increesing smounts of deformation

compared with the alloys K2< ¥4. This may be due tos

oy . X . [
(1) an increzse in the velume fraction of «
(ii) = fine matrix structure resulting from deformation

{iii1) work hardening bshaviour of austenits.

The Tiret case seems to be a minor offect for strengthening since
‘1o substantisl increase in hardness occure in alloys K2->X4 after
67 deformation when comparéd to the alloye X5- X7 containing large
amounts of repaincd austenite in the as-quenched condition. In
alloy %S an increasce of mex 20 € is produced by 6, deformation

ot -166°C.  The same ocmount of deformation produces epproximately
207’ in elloy ¥2. The increase in hsrdnere in alloy ¥T is higher
than alloy X2 although it it considered that?%ontribution of 20«

to the hardness would be much greater than the coatribution of 207 € .



The reoson for this is that alloy K5 contains an appreciable amount
of austonite end work hardening behaviour of sustenite plays a
direct role in contributing to ithe hardncss.y It is also suggested
thet increasing the amount of deformation produces a much finer
structurc in alloys K5 -y K7 as 2 result of ¥- £~ ol transformation

which considerably affccts the hardness of the alloys.

A hardness of npproximately 528 VPHSG was achieved in
alloy K7 after deformation prior to ageing. ‘This is similar to the
hardness found in nickel maraging etéigzz In addition to this,
good impact properiics were also achieved in alloys K6 and K7 after
deformation and ageing. Considerable inecrease iu the UTS in alloys
ES, K6 and K7 reculted from greater work hardening of the esustonite
and aleo the trancformation of the € to </ during deformation. A
further increcase in strength is achieved by precipitation hardening on
ageinge.  The best combination of strength and toughnesc found in
these alloys was attributed to the much.finer structure of the
matrix (Figure 108). The alloys KS, K6 and K7 deformed and aged
tendidembrittle iﬂ the'tsmpcraturc between 350°C an& 525°C. This is
associated ﬁith temper brittleness ac it has been previously suggested

(48) (85) (125)

by many workers. Although the brittle besheviour of these
alloys, considering tge requirenents for?%eplaccment?hickel by

nanganese, these alloys would scem to be suitable if the ageing
temperature is between 525-550°. (Compare Tigurc 143 and 140).

It weas possible to obtain 1007 X martensite after a smell
amount of deformetion in alloys K2, K38 ond ¥4. This wes associated

with an increszse in hardnese. As it can be seen(Figures 1175128)



subsequent ageing did not censiderably affect the hardness with
increasing ihc emount of deformation. This was probably because
the matrix was complutely of martensite and subsuquent ageing
ropulted in o reduction in the amount of o martonsite.
Although.rchrsion of & martencite to sustenite is expected to
decrease the hardnéss, this was not observed in these alloyse
This moy be due to the increase in hardening resulting from
precipitation being sufficient to compenrate the loss of hardness

brougnt about by tae reversion of K mertencite to austenite.

The oégurrence of high strengsth in elloy K7 in the
guenched and deformed condition may be attributed to the dis-
150ation densitykwithin the 1dth martencite, the width of laths
’and‘also precipitation hardening cffecte The first is that dis-
locations produced by deformation may scrve as nucleation sitce or
‘&5 choanelo for more rapid diffusion of the elements participating
in the ageing reactione. “The high strength may also be attributed
to the width ofbthc X mar;ensite. The relation beatween the
size of individual leths and stfength has been previously reported
that the strength inereases with decreasing the width of mertencite

- (72) . ‘ ‘
lathe. It is also suggested that v width of laths play a
minor role in the stfengthening after g cing end this even would

o (126) :
be considered as an ineffective factor. nie nay be exploined by
the interaction of the diclocetions with the precipitate particlese
The view is that the dislocation pile~-up which results in strength-

ening is schieved by tho precipitate itsolf not the leth boundarye



S

The laths comtaining no boundary precipitate is expected to con-
tribute to‘the-transmitting Qf”tho‘dislqcatipnsas they are orient-
eted by low ﬂﬁ”le bovnd ies (See gure 118). Therefors the
precipitation at the lath boundaries is sugmueted to act as
barriers to the movement of dirlocation end results in strength-
eninge iﬁ;cu°esthe prc"Jpltate occur within the laths, the
dirlocations cut through thése precipitate pdrticlcs and contribute
to theistrcngth. This strengthening is due to the stressed field
left arodnd'the precipitates. Considering thic cxzplanation it
scems therefore reasonable to assume that the effect of precipit-

ation is much stronger.than the influencc of the lath size on the

strengthening of these alloys.

Agemng.. after guenciing in alloy /4 containing 4.85% o
produced consideratle herdeninge. Thig was probably because the
matrix contained a lerge amount of & marténsite-with sufficient
molybdénum in solutionAio promcte pracipitation of & molybdedum-
rich intermetallic phasec. These findinge are similar t5 the

(108)
influence of molybdenum observed in Fe~Ni-!lo nlloyse. Althougi

“there vas cvideuce of precipitation during ageing in alloys K&, KOG
and {7 the prceipitate did not produce &ay appreciable hardening
because of the large amounts of austenite praeseints Lxamination
‘by.elcctrén microscopy showed that the precipitate obser?ed in the
present invéstigation nucleated at the lath bouadaries and ale
within the laths. (Figures 49 and 83). This type of nucleation

(127) (128) (129)
has also bsen reported in Fe-Hi-Cr alloys by previous vorkers.



a8 not possible to identify the pvccapiuat‘ by Feray

1
o+
-
o

analysis ia the carly stages of precipitation because it was too

semall to be exiracted o?ectrolgtlcally. Iaentificetion of ihe

S~ .

pracipitate by slectron diffrzction analysic also proved cather
difficult bocause of thie large number of precipiiation reflections
ohscrvad. . Although the dark field nicrographs showed the precip-
itate quite clearly (Figures 48, 55 and 188), it was difficuli o |
index the exira diffraction spots wiich occur due to the reflection
from precipitate. Tuis is becauce of the close‘similarity ol
atomic planar spacing (d) betwecn matrix and precipitste. An
attenpt was made to fit the precipitation pattern to eithur simple
cubic, bee, fee or eph structurce. iowever, the difflraction
pettern did not fit any of the standard bee, fcc and cph ratios of
hkl valuss. |

Age hardenirng in Fe-Co-ln a&lloys is reported to toke place

(89;

in two ctages as in the case of Fe-Co-Ni alloys. The lower
temperature stags is related to the4formation of an Fe~-Co ordered
latticc. The second occurs &t higher temperatures by the formetion

of solute rich austenite ( ¥— phase). This has various similarities

_ (116)
to the age hardening of the Pe-Ni-ln alloy as reported by Suzuki and
(125)
cquires. In the present ianvestipgation the occurrence of a

gimiler precipitate (¥-phase) alter long ageing timec, further

confirmed these obscrvations (See Figurcs 49 and 51). In the light
of previous investigations it is possible to suggest thet hardening
in alloys ©& K4 at lover temperatures iis due to the zone formation

PR

prior to precipitation of §- phase since tils has been reported in



(125)
ie

Fe-~in~1l In view of the efifect of manganese on the kinectics

of precipitation, it is suggoested that mangenese tends to replace
(116)

the . iron in ternary ordered lattice as shown by the formula (Fe.lin)Co.
ﬁowever; the effect of molybdenum on thc nature of precipitate is

-8till unknowne This effect may be inzer%feted by comparing with the
105, '

influence of moiybdenum on the Fe-li-Co and Te-ln-Co alloyse

The effect of Impact testing temperature on the impact

properties of the .2lloys in relation to matrix structurc can be

explained by comparison of Figurc 145 and Table 1. Although the

alloys ¥2->K4 do not show any change in metrix structure after
quenching to -19600, the impact vaiuos of the alloys wvaries depending
upon the alloy composition. Incfcasing amount of molybdquum improves
the toughness at subzero temperatures. I‘olybdenum slso lowers the
impact transition temperaturcs of the alloys 12 - iZ (Figurekl45)-
Figure 145 elso shows that increasing the amount of maungancse also

improves toughness &t subzero temperatures le.ee K7 with 16.3% in

shows nmuch better impact properties than alloy X4 with 137 ©n o e

This increase in impact properiies is rclated tc the amount of ¥

g

<y

. O . . . . . P,
present on quenching to =196 Ce  Lxaninalion of mairix stiruciures
by x=-ray diffraciion also further confirmed that alloy K7 has &

greater amount of ¥ than alloys KU and KS.

In view of the effect of molybdecaum on the impact properties
af alloys, it is suggested that molybdenum plays a direct part in
the removal of the embrittlemcnt. The mechanism by which it effects

the segregation is not known but there is experimental evidence to



show thet the element increases the actiﬁation energy for phos=-
(130)

phorus diffusion in Cr-Hi Stcels. Such an effect would. then
retard the diffusion of phesphorus to pfior augtenite grain bound-
aries climinating the grain bsundary weakness, and this effect may
also apply to the other ombrittlers. [owcver, it ic well known
that>the segregational tendonciesof molybdenum are much higher
than the highly segregating elloying eloments chromium end mang-
2neEo. Holybdenum would bLe expeciad to segregéte to the prior

.

pustenite grain boundaricvs during solidification and remain there
during heat treatmente 11 is therefore possible that the actual
proscnce of molybdenua atoms ant the boundaries attracts impurity

atome to form molybdenum-impurity complexcs. Such a process may

prevent embrittlement by "tying~-up" the impurity atonms.

o, {
1. The addition of molybdenum promoted the ¥ ol trans-

formation by reising the !lis temperature of the elloys. This is
related to an increase in the stacking fault energy of sustecitoe

by the addition of molybdenum.

e The addition of molybdenum had no effect on the Ay
temporature of alloys. Az temperature is decrcased with in-

creesing the amount cf menganssc.

Se X martensitc was observed to nucleatc at the inter-
section of € martensite bands, having the Turdjumov-Goch

orientation relastionship. The habit planc was found to be (112)X



4, Tvins observed iz lath nartercite were transfeormation

twing and twin subsiructure is duc to o transformation seoucnce
” ., . i .

of §-— (€ or faulted ¥ ) = rathor than a deformation

process.

] . :

Se The 8 €=« iransformations were accelerated by
defornation. Initial stages of deformation promoted the ¥ €
. ' ' . !
trensformation whereas further deformation favoured the X=X

transformation.

6. Gonsiderable hardening occured in alloys K2- K4 when
the alloys are aged in the temperature range 52500 - SSOOC.

olybdenum improved the hardening oftiealloys.

e The cddition of molybdenun resulted in o finely dispersed

precipitate. The precipitntcs were determined as fece ¥ - phaee

and a hexagonal phosc (A,B type)The latter nuclented on the lath
M ,

ouncavies and also within the laths

8, Overaging the alloysz resulted in the growth of austenite

nuclcated both at the lath boundaries and within the lathse

Ge A1l the alloys could be hardencd by a combination of
deformation and ageing. Ageing after deformation produced the best

combination of strength and toughness in elloys KO and K7. This was

-

/ . . . .
because the o matrix structurc formed by deflormat.on was much
finer in these alloys,compared with alloys K& erd K4 which contained
large amocunts of o mnartensite before defommaiion, and also due

to precipitation.
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Table 1. Alloy Composition Hatrix structure
and Structure ' : '
Water quenched Quenched to -19600
Alloy |wt¥%C (whsin |whiCo [WHZND Mo [¥% (€% |X% $% | en | &%
K2 0.029 | 12.5 4.8 |0.056 - 38 | 50 |47 2 Sl 47
K8 0,018 | 13.0 4,8 |0.073 | 1.9 3 | 48 49 3 48 | 49
K4 0,013 [ 12.5 4.9 |0.084 | 4,85 8 | 42 55 2 42 S6
K5 |0.009 [17.2 | 6.55/0.058| - |28 | 63 | 9 20 | 71 9
K6 0.014 | 16.8 Ge70{ G075 | 2.05| 33 54 13 19 65 16
K7 0.016 | 16.3 6.80| 0095 | 4.85] 42 51 7 25 63 12
Table 2. Transformation Témperature
o | Cooling rate o Heating rate
Alloy s C C/min As C C/min
K2 110-115-115 | S0~700-~1400 650 50-1000
K3 | 155-160-164 | 50-600-1400 | 650 | S0-1000
K4 188-200~-210 |' 50-800-1400 650 $0-1000
IS 45445-45 S0-400~1400 600 50-1000
K6 87-90-95 50-500-1400 600 50-1000
K7 | 100-105-110 | 50-800~1400 | 600 | 50~1000
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Table 3 Thin Foil Preparation
Polishing Penetration
. | n 25% Percholoric 5% Percholoric
Blectrolyte acid + 754 acid + 95
lfe thanol le thanol
Voltage (V) 18 9
Temperature'(oc) 20 ~60
" Time (soc) 9 variable
Table 4 ¥-ray Diffraction Results
Phase Plane hkl v a A° c/a
€ 10.1 | 10941 | 11.870| a=2.571 | | .,
c=4,06
b 200 1,798 11.528 | 3.586 -
' 200 1.432 | 11.695 | 2.86 -
hkl - eatomic interplanar spacing

- atozic volume of unit coll

- latticc parameter




Tablec S A3

B type precipitete

c/a =

Plene dhkl‘
00.1 4,06
10.0 304
002 2.04
10.1 2.20
10.2 1.607
11.0 1.518
20.0 1.318
11.2 le216

1.38

Table 6 %hkl values for ¥,€ ond o phascs

a=2.86 2=3.586 e=2.571
| o<’ ¥ c=4.06 - ¢

planes G Planes|  %hk1 | planes| %mx1
110 | 2,027 | 111 | 2.0% | 10.0 | 2.195
200 | 1,482 | 200 | 1.797 0.2 | 2.085 |
211 | 1.170 220 | 1.268 | 10.1 | l.941

200 | 1.012 | 811 | 1.081 10.2 | 1.496

810 | 0,906 222 | 1.085 11.0 | 1.280
222 | 0.828 400 | 0.896 | 10.8 | 1.159
123 | 0.766 831 | 0.828 20.0 | 1.110
400 | 0.717 420 0.802 11.2 | 1.080
o | 20w | 2|10
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