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ABSTRACT

In thé present investigation thermo-
mechanical treatment comprised of marforming i.e., cold
working in the martensitic condition followed by maraging
at 450 and 520°C respectively., It was observed that with
, increase of prior deformation i.e., upto 47 per cent
reduction the hardness peak shifts towards lesser aging per-
iod. The variation of hardness with aging time for any
fixed aging temperature shows a maxima, which shifts
towards lesser aging period, when tamperature-is increased.
For any 6onstant aging period the hardness of Fe~l18Ni and
Pe~l9Ni maraging steels increases linearly with increase
of prior cold deformation, However, fof Fe=25N1 steel
there is discontinuity in this linearity at about 8 per
cent deformation., This is related to the different degree
of work hardening of the martensite and the retained
austenite in conjunction-with the precipitétion.' It is
striking to note that the abseﬁce of maraging does not

reveal this subtle hardening difference.
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CHAPTER - I

IN?RODUGTION._
' The necessity éf developing high strength
on simﬁle heat;freatment coupled with good ductility, low
x;otén and crack gmwtﬁ sensitivity, etc., led to the deve-
lopment of Fe~Ni maraging steels containing 18«28 per cent
nickel, These steels have been de&eloped largely to meet
the demands for high speed aircraft and missiles. The
maraging steels produceAé martensitic matrix on cooling
from austenitizing temperaturé and posséss high stfength
and'ductility by combining a martensitic type of harden-
ing of the iron-nickel ailoy coupled with sge-hardening.

Carbon content of the maraging steels is

kept very low to avoid the embrit#iing Fesc phase; and
to minimize the .acicular, or twinned martensite common
to high carbon steels. Since the usual fempering react-
ions involving the formation of carbides can not ocour in

carbon~-free maraging steels, their strength can be retained

‘l‘



upto higher temperatures, Small additions of titanium,
molybdenum, cobait, aluminium, etc., are_usually made to
introduce strengtheniﬁg on aging in the temperature range
of 406 - 500°0, The'strengfhening mechanism is believed
to be either due to precipitation hardening, in the form
of intermetallic precipitates in the m#rtensitic matrix
or to Sh@rtmrange order., The precipitates are §f the
type'Ni3Ti 6r NiBMo. |

The yield/ultimate strength ratio of
these maraging steels is very high but they have good
ductility with reductién invarea arouhd 60 per cent and
elongations in th; region 6f'lo_per cent.l The méraging
steels are easier’%o fabrioaté,-resistant_to‘Stress'corr—
osion and shows bétter dimensionél stability during

maraging.

Aim and Scope:

" The primary purpose of the present work
was to evaluate the effects of thermo-mechanical treat-

ments - prior cold deformation. (i.e., marforming) on



hardness of the Fe~l8Ni, Fe~19Ni and Fe~25Ni grades of
maraging steels. The effeet'éf témperature on the hard-
néss behaviour of these steels ﬁas also studied. In
addition, photomicrographic studies were made for the
hafdening mechanism responsible for the high strengih,
Although as evidenced in the reviewed
chapter sufficient amount of work has been déne,an Pe-18Ni
maraging steel buf little or practically no informatién is
available in case of Féwléﬂi and Fe-25N1 maraging steelsy
The thermo-mechanical treatment of-Fewléﬂi and Fe-25Ni
maraging steel is also important, since'it further impxo~
ves the mechanical ﬁroperfies. This is way the effect
of thermo-mechanical tréaﬁmeﬁt on hardness'of.Fe-1§ﬁi |
and Fe~25Ni maraging stecls was also carried ont in addi-
fon to Pe-18NL maraging steel, Thermo~mechanical treat=
ment of maraging-sfeels improves the hardness by subse-
quent aging. A careful selected heat-treatment comgined\

by suitable marforming may 1mprove‘stréng%h and ductility.
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Although these maraging steels because_
of having high éentent of nickel are not economical from
the Indian point of view, fér eritical applicatioms such
as pressure véssels. alr-craft industries etc.,‘fhe case
of thermo-mechanically treated steels is'vefy sound, This
is of.sﬁill gieater interest, when we notice attractive
properties of such steels like good machinability and
workabiiity,'absence 6f.volume éhange.auring hardening,
resistance.to stress‘coﬁrbsion cracking ahd good weldabi-

1ity even in the fully hardened condition.



CHAPTER - II
LITERATURE SURVEY

2.1 Introduction:

The realization of a need for new ultra-

‘high strength steéls with high ductility and toughness,

Whlch would be easier to fabricate and heat-treat as

required for air-craft and mlssile construction prompté&
the development of Pe-Ni “Maraging Steels s Maraging

gteels are new types of precipitaﬁicn-hardened high alloy

steels developed in recent years. These steels exhibit

strength and toughness and other desirable characteris-
$ics which are un-obtainable from coﬁVGnﬁional;medium—
carbon, low alloy steels.

Maraging‘steeis are the firét éttempt ﬁt
replacing carbon steels by piactically non-carbon iron
alldys (eontéining not more than Oc03'§er cent carbon)
which have high strength and good duc*illtv. Age hardéﬁ-

ing of the ductile martensites of 18, 20 and 25 per cent

-5 -



NickeleIron alloys form the basis of these outstanding
properties..

| The steels are termed mafaging steels
because the precipitation reacfion which accounts for
their ultra-high strength oceurs on aging when they are
iﬁ martensitic condition. Strengths in excess of 250,006
P.S.i+ can be achievedlin the FeQiSNi maraging steels
when transforméd to maftensite.and aged for 3 hours at
480°¢. & fypical composition for these steels is lSNi;
1o, SMo, 0,501, 0.1AL, less than 0.03C, balance Pe.

2 showed that 18/8/5

Work by Decker, Eash and Goldman
Ni/Co/Mo steels With_smaller additions of titanium offer
petter ductility and greatér resistance to fracture in

the presence of sharp cracks, defeeﬁs and notches. The
basic strengthening is due to piésence of molybdenum,'
titapium, and aluminium; Cobalt in the présencelof these
elements provides a faster hardening response but in
‘1tse1f does'no§ produce appreciablevhardening. The carbén

is kept to g low level to increase the ductility of the

martensite.
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0f the four major,requiremen:ts3 for the

“Perfect alloy - strength, ductility, fabricability,
and corrosion resisténce ~ the maraging steels seem to,
possess at least the first three to a remarkable degree.
Their ductility, in terms of notch sensitivity, is in |
Aexcess of unity; é léw degree of work-hardenability
makes them easy to machine and form; their heat-treatment
is simplé, and they can be wel&ed ﬁithout preheat in
both the annealed'and‘fuily heatutreated‘cpnditions;
‘These steels show better'dimensidnai sfability dufing
maraging; | |

| Oﬁe'of the limifatién of fheir aﬁélica—
rtions to wider fiqlds is_probably-the high cost of the’
nickel wﬁich is presenfvin thése steels in large quénti~
tiés.. The alloying additions made t§ give age~ha:dening
are aléo expeﬁsive as fér as Indian conditions are eonn

cerned.

2,2 Structural Aspects of Maraging Steel:

Higher strength levels are normally achie-

ved in conventional low-alloy steels by inecreasing the



carbon content of the mértensitic structure and, in some
iﬁstance31 by secondary hardening in which carbides play
an imbortant part. Ductility and impact propertiés can
normelly be expeéted to decrease as tensiie strength is
raised and an increase of the carbon content tends to
accentuate this trend. Accordingly, the limit to which
this elgment may be addéd tg obtain higher strength is
determined by its adverse effect onduétility-and toughhess4
During the 1éat few years,.gttempts have
‘been made to obtain a better underusténding of the meta=-
llurgy of ultra-high-strength steels with the objectApf
developing ﬁnre reliable; étronger and tougher steels;
These inveétigations have beén prompted mainly by the
reéuiréments for éi£0raft and‘ﬁissilg coﬁstrﬁctions, which
demand ductility in addition to high stréngth to weight

ratios.

'2,2,1 Difference in nature of Pe-0 and Pe-Ni martensites:

]

Since carbon additions have been shown to
promote embrittlement of low and medium-alloy steels,this

element was not considered as a source of strengthening4’5.



Accordingly, insfead of the iron-carbon marﬁensite employ-
ed in conventional high strength steels, the maraging
steels utilize thé mértensite formed in iron-nickel alloys
tb hérden the matrix.

The martensites formed in iron~nickel

alloys containing 18-30 per cent nickel possess the follow-
4

ing characteristics® in comparison with iron-carbon

martensites.

(1) _ Both are products of a diffusionless
' shear-transformation of austenite.

(ii) Transformation of iron-nickel alloys
can proceed both athermally and isother-
mally, which must partly account for the
variations in Mf temperature.

(iid) _ No tetragonality has been measured in
the body centered structure of the iron-
nickel martensite.

(iv) The iron-nickel martensite does not
show appreciable hardness variation
with nickel content, unlike iron<carbon
martensites, which vary markedly with
carbon content. ‘ '

(v)  The iron-nickel martensite is only mode-
rately hard and very tough, in contrast
with the high hardness and pronounced
brittleness of untempered martensite in
medium and high-carbon steels.



(vi)

(vi1)

(&iii)

2.2.2

Y

Martensite is formed in iron-nickel
alloys with this range ( 18-30 per cent)
of nickel contents over a wide range of
cooling rates, and thus section-size
effects are small. Rapid quenching is
not necessary.

Iron-nickel martensites are only modera~
tely hard, and thus lose little hardness
on reheating to moderately elevated tem-.
peratures. The 18-25 per cent nickel
alloys may be reheated to 450°C or above,
before austenite reversion .occurs.

The Ironenickel martensites are hardened
by aging at low temperatures in contrast
to Iron-carbon martensites which genera-
11y soften on tempering. | |

Tran-formation in maraging steels duriqg

heating and cooling 3

In the iron-nickel phase diagram (Fig.l)

the temperatures for the strat (Ms) and finish (Mf) of

the transformation of austenite to martensite or ferfitie

type phases on cooling have been shown. The correspond-

ing temperatures (As and Af) for reversion of these phases

back to austenite on heating also appear on Fig.l.

)



TEMPERATURE °C

Fig.l.

200

10 ' : 20
NICKEL per’ cent

Transformation in Iron-Nicke
alloys on heating and coolin

1

€6-
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The maraging steels bélong to Fe-Ni
base type and are austenitic at elevated temperatures.
Those steels containing 18-20 per cent nickel'transforms
completely to martensite on cooling to room temperature
from the austenitizing temperature; but those containing
25 per-cenﬁ are semi-austeﬁitic depending upon the Ms

temperature, The amount of nickel in the maraging steel
6,7

controls the MS temperature of the alloy .Binafy
iron alloys with 18-20 ﬁer cént nickel would possess Ms
temperatures in the range 220-250°¢. (Fig.l). The hard-
ening additions, Co, Mo, Nb and T also affect the M,
ﬁemperature and their gross effect loweré4 ﬁhe sfart of
transformation to about 130f16000. Isothermal as well as
athermal martensite formation ensure that austenite trans-
formafion is completed in the range 50#100°0‘ The addi-
tion of 5 per cent of nickel to the 20 per cent niekel
maraging steel ensures that 25 pef cent Ni-Ti-Al has_an
'Ms temperature below room temperature and remain austeni-

tic on cooling to room temperature4’7.
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_ Pe-25Ni maraging steel !

This steel is austenitic aftér,cooling
to room temperature from the austenitizing temperature;
The transformation to martensite can be achieved by

8 described’below S

elther of the two methods
Ausaging Martensite could be formed in the Pe-25Ni
alloy by aging the austenite (éusaging) to ﬁre-
eipitaté alloying élements, parﬁieularlthi,
(as finaly dispersed Nig Ti,phase)Afrom solid
soluﬁien, thus raisingza the Mé temperature
éhove room temperature, with the result that
transformation~hardening occurs on»cooling from
the aus~aging température. |
Cold Work |
Transformétion of the sustenite in this
. 'steel can be affeeted by cold working the annea~
led material. This treatment is preferably
followed by refrigeration. By comparison with

aus-aging, this slternative procedure tends to

give, in the fully hardened steel, higher'tensile
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and proof strengths and, within certain 1tmits,

improved notched tensile strength. After forma-
~ $ion of martensite by either of the‘above pro-
~cedure, the steel is hardened by aging for 1-4

" hour at 430-430"0,

Fe-20Ni maraging steel ¢

Lowering the nickel content from 25 per
cent to 20 per cent reduces the stability of the austenite
férmed duriﬁg the solution annéaling treatment and, in
, conseduence, transformation to martensite occurs on.cool-
ing to room temperature. The necessity for aus-aging or
mechanical working isvthus obviated and hardening can be
completed by a simple low temperature ma?aging‘treatment.
Hardening of the 20 per cent nickel steel; as éf the 25
per cent nickel type, dependsion preéipitatian of a phase

of the (Fe,Ni)3 (Ti.Al) type.

Fe~18Ni maraging steel
This steel also is martemsitic when cooled
from the annealing temperature, Hardening can be achieved

by simple maraging treatment in-the range of 430-480°¢.
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9,10 of martensite in the maraging steels

The structure
resembles that of low carbon martensite and consists of
bundles of martensite needles with very hiéh'diélddatién
density within the plates.

Floreen and Deckerl1

carried out the expe-
riments on heat-treatment of Fe-18Ni steel and found out
that when the steel was annealed at 650°C.'the structure
'eontained approximately 50 ﬁer cent austeﬁife after cool- -
ing’to room temperature.t This auétenite had the fine
lamellar appearing structure. Apparently at this anneal-
ing temperature the austenite that for@ed during annealing
became partially stabilized and did not retransforn fo the
body=-centered-cubic structure on cooling to-foom tempera-
ture. This rétained avstenite méy haﬁe beeﬁ due to the
transformation of the metastable bodi*ceﬁfered cubic aé '
matrix formed on. cooling inta the equilibrium « and y
phases. During this transformatlon there was prcbably
some partitioning of the alloying elements between the
o and y phases so that some of the austenite was enriched
and did not transform back to a2 on cooling tm room

temperaturelz.
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It is observed that annealing at a tem=-
perature below 760°C results in poor tensile strength due
to considerable amount of retained austenite on cooling
after annealing. As the annealing temperature was raised,
the amount of austenite retained on cooling fo room tem-
perature decreased until only the body-centered cubic
phase was.present. The minimum annealing temperaturell
reQuired to eliminate all 6f thé auséenité was approxima-
tely 78000‘ As shown by the subsequent maraging resuits,
it is esseﬁfial to eliminate this austenite to achieve
satisfactory hardening during maraging.

The micro-structural studies of Fe-18Wi
steel was done by Decker, Eash and Goldman2 after anneal-
ing for 1 hour at 820°C, In the annealed condition the
alloy had excellent'formahility, and could be cold worked
és much as 98 per cent reduction in area without inter-
mediate annealing., The austenite ASTM grain size was 6
to 8 after annealing at temperatures upto 98006. Above
this temperature grain growth occurred, with ASTM grain |

size 4 resulting after amnealing at 1150°C.
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Since the maraging steeis are usualiy
in the martensitic condition after annealing, the volume
changes associated with martensite formation danbt require
consideration during‘hardening‘~ Actual length measuremenfs
on the steels before and after‘hardening, show that the
18 per cent Ni«Co-Mo steel does not alter in dimension,
whilst the 20 per cent and 25 per cent Ni-Ti-Al steels

actually show a contraction of 0,10-0,12 per cent.

2,2.,% Reverse transformation to austenite !

Most martensitic fransformations are cap-
able of undergomng a referse transformation baok to the’
austenite phase on heating. Deconmposition 67ﬁetastable
martensite of maraging steels in 1o eéuzlibrium ferrife
and auétenite may bccur,'during aging'fairly,raéidiy at
temperatures above 450°C, @hé'formafién of equilibrium
austenite and ferrite involves redistribution of alloying
elements and occurs through the ﬁrocess of nucleation and \
growth.

The addition of fitanium, aluminium; or

molybdenum decreasesl3 the rate of formation and the
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"amount of austenite formed, The austenite did not appear
in appreciable quantities in the alloys that undergo pre-
cipitation hardening until peak Lardness is reéched; The
equilibrium austenite is richer in alloy content: Accord-
ing to Speich13 the austenite formed on reversion may not
transform back to martensite on ¢oolirg as its Ms tempe~
réture may hbw be below room temperature as a vesult of

alloy enrichment.

2.2+4 Role of Precipitation in Strengthening i

L

The Fe-Ni martensite respond to age-hard-
ening if a number of other elements are_ﬁresent. The
Pphases taking part in thé precipitation hardening of mar-
tensite have not yet been identified witk certéinty,because
of the difficulties involved in analysing very fine parti-
cles. Table ~I gives a list of preeipitating phases. The
precipitate particles were invariably found out as (i)very
small (0.01 micron in length), (ii) two dimensional platebt
or ribbons and (iii) Orthogonally oriented and evenly

distributed through the martensite matrix.
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It is generally agre953 that about one-
half of the yleld strength of the fully heat-treated
Fe~-18Ni maraging steeis can be aseribed to the étrength
of the iron-nickel martensiteiforﬁed upon cooling from
the annealing temperature. The large incfemental streng-
thening of the annealed steel that occurs upon aging is
believed to be the result of precipitation of intermeta-
111e éompaunds.; Iliémb and thni. |

The elecfrén miéroscopic invésfigation
of Fe-18Ni steel was observed by Reisdorf® and it was
found out that a high density of fine brecipitate.was
formed upon aging to martensite. It was belieﬁedvthat
the bulk of precipitate is NiBMo in the form of ribhéné
on dislocation lines and at the maftensiﬁe sub—bouniariés;
and the remainde: as small’isolated particles éf NijTi |
uniformly'distribﬁted throughouf the'matfixg’g. Sugges-
tions have'alsﬁ been made thaﬁ cébait may deéreasé the
solubility of Nijﬁo in the iionanickéi martensite,resul t«-
ing in a more finely dispersed NiBMo precipitate and,

hence, greater strengthening.



Table-I

27

Precipitating Phases in Maraging Steels .

System

1

Precipitating Phase

Fe=20 per cent Ni-T1

Fe=18 per cent Ni-
5 per cent Mo

Fe~20 per cent Ni-
2.5 per cent Al

+

Fe=25 per cent Ni-Al

Fe=20 per.cent Ni-10
 percent Cu

NiBTi (though the stable
phase is [Fe,Ki]ZTi laves
phase ). |

NiEMo.

No precipitate ; hardening
may be due to ordering or
clustering.

(Re,it), (14,41).

| Cu,

Speich13 while studying the thin gection

transmission micrographs of aged specimen reported parti-

cles of NiBTi to be present in the Fe~20Ni«lTi marten-

site after aging at 500°C for 24 hours. The NiBTi appearé

as needles about 600 A° long and 100 A° in diameter in a

very fine diapersion. 1% is believed that Ni,Ti partic-
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les nucleated on the dislocations are present in the as

13. Electron-probe micro-~andlysis

- quenched structure
of the precipitate in the Fe~20Ni-3Ti specimen aged 24
hours at 500°C gave 76 per cent Ni, 21 percent Ti, and

3 per cent Pe confirming the identification of the preci-
pitate as N13Ti. In thé above steel hardening of marten-
site was associated with the formation of & fine disper- -
sion of N13T1 preéipitate. The hardening of Fe-20Ni
martensite contaiﬁing 2;5'per cent Al is not accompanied.
by precipitation. The hardening may be due to ogdering'
or to clustering. In the Fe«20Ni-10Cu alloy, pafticles
of copper are precipitated during aging, but these parti-
cles may form after the maximum peak hérdness has been
reached.

Reisdorfg. in Pe-25Ni maraging steel in
the aged condition found small spherical precipitates,
about 100 o 200 A° in diameﬁer, presenp throughout the
matrix, The crystal structure of this precipitate is

also f.c.cey, with 2, equal to about 3,58 A%, Harden-

°

ing in the Pe-25Ni maraging steel is due %o precipitation

of & phase of the (Fe,Ni)y (1,A1) type'* 9,
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2.2.5 Effect of alloying elements }

Several elements have proved sucggssful
additions in conferring age-hardening to the iron=nickel
base alloys. The basic strengthening is believed to be
due to presence of 'hardner-constituent', that ié, tita-
nium, molybdenum, cobalt etc.

The addition of cobalt in Fe-18Ni steel
produces ‘no perceptible solid golution hardening, but

definitely retards the sof‘cening16

upon heating at tempe-
ratures_uptov 42509; One of the hypothesis to explain
the strengthening effect of cobalt is thatthis addition
may provide a mére dense and uniform.disiribution éf_dislo—
cations in the martensitic matrix of the annea1ed_a1loys,
thus providing many easy nucleation sites for the more
iapid precipitation of finer and more uniformly sﬁaced
particles when the material is aged3.

The addition of mmlybdennﬁ to the iron-
nickel binary alloy introduces increa;ing solid-solution

hardeningl®, With 1 per cent Mo, the solid-solution hard-

ening was retained through out the aging sequence ; but
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with 4 per ceht Mo, the hardnéss sﬁbsfaﬁtially inereased
through out the aging sequence upto 540°C, and the‘alloy |
did not overage at 48060 upto 100 hours of aging. - Moly=~
bdenum also effectively retards reversion to austenite,
Increase of molybdenum content increases the hardness and
acéelerates the age~hardening reaction. For good tough-
" ness, howe#er, it is necessary to limit the molybdenum
content to 5.1 per cent maximum, This level of molybdenum
has‘a marked effect in lowering the martensite transfor-
mation témperature of these steels, MNolybdenum also secems
40 play a very importent role in preserving the hign tough-
ness of maraging steels. Improvemént of toughness has
been ascribed in large part to the effect of m&lybdenﬂm
in reducing intergranular precipitation.

Cobalt and molybdenum, simultaneously
added to the Feflaﬂi binary,'produce additive hardening
effects., Cobalt and molybdenum, together, quite effecti—
vely retard reversion, since both cobalt and molybdenum
raise the hg temperature of the Fe«~Ni alloys. The effect

of cobalt on the strength of the alloy can be explained by

the lower solubility of molybdenum in the presence of
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cobalt, thus giving a larger volume fraction of precipi-
tate 1218,

The addition of cobalt produces a finer
dispersion of precipiﬁates‘im the molybdenum containing
Fe-18Ni alloys, but may not significantly alter the dis-
persion in other alloys. This effect of cobalt apparently
is more pronounced at higher mqubdennm contents. The
gsimplest explaination of this effect is that cobalt lowers
thé solubility of N13M9 in the iron-mickel martensite.
This would tend to produce a finer dispersi@n of N%M"'
and the resultant atrength increase could then be due %o
smaller value of the interparticle spacing, A ; in the
Orowen relationship 1

Gﬁcof—;\'*

where ¢ 4is the yield strength after aging, Oy the

£

yield strength of the precipitate-~free mafrix, ¢ the

shear modulus of the matrix, b the Burgers Vector, and

A the inferparticle spacing. |
TMtanium additions above 0.5 per cent

" have been reported %o reduce toughness, and maximum



titanium content for Fe-lSNi maraging steel is restricted
to this value15. The segregation tendencies of titanium
are well known. This characteristic, in addition to the
fact that titanium lowers Ms temperature 38°0 for
every i per cent, means that excessive amounts of titanium
and/or insufficient homogenization may result in bands of
retained austenites Beside its role as a strengthening
agent by forming uniformly dispersed particles of N13Ti
in the martensitic matrix, titanium is needed to scavenge
the residual carbon in these alloys and so prevent preci-
pitation of MgC-type carbide, upon cooling from the anne-
éling temperature¢‘ Thig réaction may seriadsly interfere
with the normal, primary age-hardening reaction by efféc;
tively reducing the amount of molybdenum available for

ﬁhe formation of NiaMoso'_

The strength of maraging steel is signifi-
cantly greater than the strength produced bj the sum of
individual effect of cokalt, molybdenum and titanium. The
result suggests that steel is strengtheﬁeé by precipitation
produced by molybdenum end titanium, and possibly‘orderiﬁg

of the matrix due to coba1t15’175
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Auminium eontributes both marked solid-

16 ,nd age-hardening to the Pe-18Ni

solution strengfhening
binary base. Using a 1150°C solution treating temperature
all of the aluminium can be held in solid-solution, and
aging_produces a high hardness. However, if a standard
815?@ solutionizing temperature is used, the aging is less
pronounced, Aluminium raises the Ms temperature to 316°0
at 2;56 per cent Al, but has no observed effect on the re-
version. Aluminium is added to maraging steels as 2 deoxi-
diZerav |

Boren and Zirconium additions are made t§
these steels, since it was found in the development of(the
Fe-25N1 maraging stéel that“these additions supressed

4

harmful grain-boundary precipitation’. Calcium is added

to assist sulphur removai.

2,3 Strengthening of Marqging Steels 3

Phere are many methods by which strengthen-
ing can be brought about in maraging steels. Of them the
two important methods are the thermo—meéhanioal treatment

and maraging.
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23,1 Thermo-mechanical treatment of Maraging Steels ¢

Phermo-mechanical treatments can be
defined as treatments whereby plastic de?ormatian,'gene-
rally below the recrystalization temperature, is intro-
duced in to the heat-treatment cycle of a steel in order
to improve the properties. With an absence‘of intermediate
trénsformation products on air-cooling the maraging steels
have goﬁd hafdenabiiity and hence can be readily cold-
worked in the austenitic condition prior to transformation
to martensite. Purther, they can be worked in the marten-
sitic.cendition\priOr_to aging and‘eﬁen can be deformed
in the fully aged condition. |

Kula aﬁ& Hickey30 showed thaf Fe~18Ni
maragingvsteels can be sirengthened by various thermo-
mé@hanieal treatments with 1ittle decrease in fracture
toughness, although fhe magnitudé of the strength increase
ié not large. These results are in general agreement with
those of Floréen'and Decker and Bush®?, The increase in
strength induced by defﬁrmation atteméerature below-870°0’

is shown to depend on the conditions under which transfor-
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mation ook plaéea vThe tﬁermo—meehanical.treétments
applied to maraging steels inelude Y. (a) Gold-working

in the austenitic condition of'33900; follo#ed‘by trang-
formation to mertensite and aging, (b) Cold-working in
the ﬁartensitié condition and aging and (c)Gold»wofking'in

| the aged condition with and without subsequent reaging.

(a) Coldnworked in the austenitic condition :
The tensile and hardness properties of

Fe~i8Ni maraging steei after aging at 480°C for 3
hour‘(figureZ)'showed that the tensile and yield
strength iﬁoieases as a result of reduction in
thickneés,i.e., coi&-working. The elongation and
vhardness show little change as shown in figure 2.
The hardness changes only slightly on aging at
150°C (300°F) and 260°C (500°F) and more after
aging at 370°C (700°F) and 480°0 (9éo°r).

' {v) Gdld—Worked in the martensitic condition

(Marforming) and subsequent aging @

30

Kula and Hickey”" also showed that at room

temperature, the Fe-~18N1 maraging steels are in the



280

- v ]
(2]
x uTS. o—0Q
e |
- 260 F O:::::U n*
> 8 0" Y.S.
€240 [ -
® 590 580 Fig,2. Effect of cold-working in
the austénitic condition on tensile
i i z and hardness properties of Fe-18Ni
> ] i : 0
oo maraging steel30,
o : - w
Solution Treated p-
| Cold Worked (650F) | T
Maraged £
- 15 500
[=4
<.
Q
- |0 [~ =
2 .
st .. A
[ =4
c‘o_l oQ/.l | l
0 20 40 60

Reduction, per cent

* 280
"
K4
- 260 uTSs. 0
=]
. . S 2009———5" 75
Fig,3. Effect of cold-working x e
in the solution treated condi- 220 Soition Tregted >80
tion on tensile and hardness ol Worked 1l ¢z
properties of Fe-18Ni steel30, Maroged e
4540 &
I A/ g
» 105
X
- 15 500
[ =4
[}
2ok -
®
a
g Sk .
c o
& o Q/-I\O
0 20 40 60
Reduction, per cent




- 28 =

martensitic condition, but are relatively ébft ahd}can
bé rolled readily. Tensile and hardness ﬁropertiés for
reductions upto 60Vper cent followed by ihe st;ndard
aging at 480°C for 3 hour are plotted in figure 3. The
~ tensile strength and yield strength'increases with cold
working. Accompanjing this is a decrease‘in duetility
and ine;eaée in hardness. The hardness changes only
slightly on aging.af4150°0 (300°F) and 260°C (500°F)‘and
more after aging at 37006 (700°8) and 48060 (906°F) as
sﬁown in figure 4. However, there is only a slight dec-
rease in fraeture toughness aécompanyihg the aforementioned
.strength improvement brought about by 60 per cent cold-

work.

(e¢) Cold-worked in the aged-condition @

It was possible to.coldaroll the aged
material as much as 60 per cent without difficulty. The
tensile and hardness properties affer rolling are showﬁ
in figure 5. It was observed by Kula'and Hickey30 that
the yield strength and hardness are unchanged or‘deerease

slightly and there is a modest increase in tensile strength.
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In addition to testing after cold roll-
ing, tests were aléo carried out'On material that had
been réuaged for an héur at 370°C after roliing in the
aged conéition, figure 6.’ Heré the hardﬁesa end yieid
and tensile strengtins all increéses whiie the ductility
is low. Comparing the results, it was observed by Kul%
and ﬁickeyso that the strength éné hafdness are increa-
sed as a result of re-aging after cold working amnd that
this increase is greater with increasing amoufit of cold-

wérk.

The results based on hardness measuremsnts

31

_héve led to generalvagreement’that_the role of carbides
is important to'strengthening by thermo-mechanical process,
prgsumably through the mechanism of an intefﬁction of the
 precipitat1ng carbides_wiﬁh defects produced in the aﬁste-
nite transformed to the martehsite, leading to a more finel;
dispersed piecipitate. The very small increase in strength
which accuréed when the unaged martensite was cold-worked

and then aged is attributed to Work hardening of the mar-

tensite. The major contribution to the strengthening in
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aged cold worked steels arises f:om s¥rain hardening,

with alamaller strengthehing contribution arising during
the re-aging. This aging increase is due to a re-solutiOn
and finer scale reprecipitation of carbides 2,

Cold-working of martensite followéd by
aging was slightly more effective in raising the sfiength
and hardness than an equivalent amounf of working in the
austenitic condition., When cold-worked after aging, the
tensile strength increases only slightly while the yield
strength and hardness actually decrease {figure 5)s Re~
aging the material after cold working, figure 6, results
in higher strength and hardness. The magnitude of this
increase during aging increases as a function of the amount
of cold work. It was observed by Nolan and Davids§n37,that
the ductility as measufed by elongation and reduction in
area are effectively independent of the cold working. This
is in coﬁtrast to the result reported by Kula and Hickeyjo.

Where he observed a degradation in elongation as a result

of reduction by cold~working; ,
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2.3.2 Streggtheniqg of Maraging Steels by Precipitation:

Age;har&eniﬁg is one of the principél
means of st:engthening the substitutional iron-base mar-
tensites in the maraéing steels33’34. In the maraging
steels the unusual combination of strength and toughnegs
may be obtained by age-hardening a ;ow-éarbon iron-nickel
nartensite matrix35.‘

In contrast to Ee~0‘mart§nsites, the mar-
tensite of maraging steels are ielatively soft and ductile
~ in the as-quenched condition, due to the low soiid~solution
.hardening effeét'of the suhstitutional elements as compared
to carbon., These martensites are hardened by aging at low
temperatures by precipitation of the_infermetallic phases
in a martensitic matrix. Although the mechanism of harden-
ing in maraging and secondary hardening is essentially
siiilar, the two processes aie different in the sense that

in the latter the précipitation'of carbides takes place.

The eging of substitutionzl iron-base mar-

tensites can be seperated in to three stages i-



(a)

(b)

(e)
(a)

()

- 32 -

Recovery of the defect structure of martensite,

Pormation of clusters, ordering and precipitation
of intermetallic compounds,

Formation of Austenite.
Recovery ¢t It appears that two reactions may occur
during recovery involving (i) the migration of vacan-

cies and residual interstitials to disloeations which

~ are, therefore, pinned down(ii) dislocation re-arrange-

ment partially to relieve residual stresses generated

by the pfevious martensitic transformation.

Precipitation @ The Pe~Ni martensite respond to age-
hardening if a number Ofvother elements are present.
The addition of cobalt is very inteéesting. Cobalt by
itself is not effective'but in combination with molyb-
denum, a marked hardening requnse is produced. The
precipitates are evenly distributed throughout the
martensitic ﬁatrix end the fine evenly distributed
dispersion of the ptecipitate particles appears to be
related'to the high dislecation density of the marten-

site matrix.
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(¢) Formation of austenite : Most martensitic transfor-
mations are reversible and‘ggt back to austenite on
heating. Decomposition of netastable martensite of
maraging steels into equilibrium ferrite‘and austenite
may occur during aging fairly rapidly at tempeiatures’

~ above 450°¢,

The formation of austenite is an important
part of the aging process in all fnese alloys, although
it does not appear in significant quantities at,500°0
until. after the aging peak is reached. The amount
of austenite formed increased with aging timelB; The
fofmation of austenite must be minimized for optimum

mechanical properties of maraging steels.

2¢3;3 Aging Kinetics ¢

| speich’® studied the hardness change during
" aging of Pe-20Ni, Pe-21Ni-2.6 AL, Fe-18Ni-5lo, and Fe-20Ni-
174 martensites at 500°C and the Fe-20Ni-10,7Cu martensite
at 400°C., The results are shown in figure 7. Tﬁe Fe-20N1
alloy, which lies in the a + y field of the Pe~Ni system

at 500°Q, softened slightly. The only processes that can
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occur in this alloy are the formation of auétenite and

the iecovery of the defect étructﬁre of marﬁensite. The
other alloys, all of which were aged in a + y { compound
fields, exhibifed preéipitatibnnhardening with a single
aging peak. The kineties of the aging processes is about
the same for all the alloys except for the Fe~20Ni-iO.7Cu '
alloy which appears to harden as raﬁidly at 400°¢C as the
other alloys do at 500°C.

Speich.l3 investigated the effect of oompo»I
sition on the aging behﬁvidur of the Fe~20Ni-Ti martensife
and is sﬁown in figure 8. The,peak hardness rises rapidly
as the titanium content is increased from l.1 to 5.8 per
cent titanium, with a maximun hardness of 805 VPN being
obtained in the Pe-20Ni-5.8Ti alloy.'lThe time required to
reach peak hardness increases slightly with inereasing
titanium content.

The Pe-18Mi-Co-Uo steels in fact, show
very rapid hardening and during the first five minufes at
480°C. A maximum hardness3lf36 of about 540 VPN is achieved

after 3 hours at 48000. The effeet of temperature on aging
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behaviour of the Fe-ZONi-ﬁTi alloy is shown in figure 9.
As expeéted, the time required to reach peak hardness
inereases with deereasing témperature. Unexpectedly,
the peak haidness obtained does not increase significantlj
with decreasing aging temperature. Over-aging ocqars very
rapidly at 600°C and 700°C, |

Floreen and Decker'™ studied the kinetic
analysis of the Fe-laﬂi maraging steel and showed that
hardness results could be expressed by the simple relation-
ship t=

B, - H, = K
where,

Ht = Hardness at time .

Hy = Initial Hardness.
K % A constanf. |
t = Maraging time.
n = Pime éoﬁstant.

Phe values of n varied from 0,19 %o 0.30 with changing
initial conditions.
 Phe maraging treatment recommended for all

steels, lies between 1 and 4 hours at 46@°G - 48000.
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Treatment at temperature above this range, or evén
proldnged soaking {1000 hours) at temperature within the
range can result in a small amount of austenite reforma=
tion. The reformation of austenite has little effect on
tensile strength, butldoes slightly impair proof stresé
and notched strength4. The effect of aging time ahd tem=
perature on mecﬁani&al properties and austenite coﬁtents
0of Pe-18Ni-Co-Mo and Ee-25Ni¢Ti—Al maraging steels afe
shown in figures 10 and 1l,respectively. The mérked dec-
rease in notéhed tensile strengths of theAausaged and mar-
aged Pe-25Ni steel 1s mainly due to the increaeve in the
yield strength, with increase of maragihg.fempérature and
not to the reformation of austenite.

‘Aging for‘nOrmal periads at ﬂempératures
below the range 430 - 480°C’does‘not result in maximum hard-

4

ening of the steel. The lower proof ‘stress” and tensile

strength values obtained are off-set by &an increase in

ductility and maximum stress.

2.4 Properties ¢
| Some of the physical end mechanical proper—

ties data of maraging steels are presented in Tsvle ~ II.
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Poysical and some mechanical properties of maraging nickel steels.

Propefty\f

e

!

"Pe~18N1~Co-Ho! Pew20Ni-TimAL

'Fe-25li-Ti-A1

1us of Elasticity, lﬂ61b/in2 |
lus of Bigidity , 2010/t
ison's Ratio

pet. Proof stress in compression,
| Ton/in
v gtrength, Ton/in2
iy, v/t

wal expension coefficient,°10'6/°8
{20-480°¢)

ge in length caused by mareging pet.
trical Resistivity, microhmecm.:
imnealed from 820°C
aled ani mazaged, 3 hour, 480°C
etic Inductance, gouss !
K = 2,500, Qe
H = 5,000, Oe,
nece, Gauss
cive forcé, Qersteds.

26,5-21.5

10,20

Y

10,00

TR
0,290

0,00

60-61
38+39

16,550

18,500
5,500

28,10

25,50

031

-

0,284
1.2

| » 0012 '

17,110
18,375

5,000
15,60

24,50

o

e

0,286

1L

-0.10

13,550
14,750
3,700

5.0

- L -~




- 38 -

2+4.1 Mechanical Properties

The hardening reaction is not limited by
section-size for the Fe~18Ni maraging steel as it is in
- the case of quench~-hardening low alloy martensite steels.

 The eiéngation per cent/ér the ductility of the steels
varies with the streng%h levels and the type of product.
As the tensile strength increases, the ductility tends to
drop. For all the maraging steel grades, the average elon-
gation ranged froem 3 %o 12 per ceﬁt; ItAis generally
agreed that the vacuum-nelted steel compared with the same
steel air-melted has improved transverse ductility, great
uniformity in tengile prapértiesg and aléo better notched
and un-notched fatigué strength.

The maraging steel, like most complex
alloys, is an inhomegeneous material and would generally
show differences between the 1ongitudinal and transverse
tensile properties relative to the rolling direction.
Although these differences can be reduced, if not elimina-
ted, by adequate cross rolling, the occurrence of segrega-

tion bonding and layers of retained austenite is often
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considered responsible for directionality of mechaniecal .
behaviour. It has been suggested that this direetionality
of tensile properties is not hecessarily a reflectiqn of
the bonding but may be associated with anisotropy of prior
austenite grain shape and orientation, Recently, it has
been reported that a double - annealing heat-treatment
consisting of austenitization at 900°C, followed by a
second austenitization at about 815°¢, results in equiaxed
prior austenite graihs of larger‘size and reduces differ-
ences.befween the 1éngitudinal and transverse tensile

properties.

Patigue Properties @
The fatigue strength of steel is generally

increased with the temsile strength_and is about 50 per cent
;f the ultimate tenéile strength. Upto a tensile strength
of about 180 p. s. i, there is a more or less linear
relationship between tensile strgngth'and fatigue strength.
Above this tensile strength, the increase in fatigie
strength becomes progressively less as the tensilé

strength increases and for steels with yield strengths
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greater than 220 p.s.i the endurance limit ( fatigue -
barrier ) appears to be linited to about 120 PeS.i. The
fatigue properties of Fe-18Ni maraging steels indicates
that vacuum-melted steel have a definite superiority over
air-melted steel and the fatigue streﬁgth is reduced appre-
ciably by the presence of notch. The fatigue strength of
maraging steel is superior to conventional steel under

high-stress low-cycle conditions.

impact and Tensile Toughness ¢

The maraging steel offer impfoved.frgcture
toughness at a high strengih level in comparison %o con-

. ventional high strength steel., Maraging steels are compa-
ratively less notch-sensitive in termé of the Charpy V-notch
tests than the conventional high strength.stéelalg.

The maraging steels have superior notch tough-
ness above the tensile level of about 260 pesSeis. It has
also been shown that the toughness (NTS/TS ratio) of
Fe«iSNi maraging steel is insengitive to wide‘variations

11

in annealing and maraging conditions The maraging steels

do not display a sharp ductile-to-brittle transition temp.,
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loss in toughness being gradual to as low as -250°¢,

Embrittlement Characteristics ¢

There is enough evidence that maraging steelé,
like any high-strength b.c.c., steel, are subject to hydro-
gen embrittlement and are, consequently, subject to crack-

20,21

ing failure at stress below the yield strength
has been shown that the amount of hydrogeﬁ required to

émbrittle Fe-lBNi maraging steel is substantially greater
than the amount needed to embrittle high strength steel %o

the same degree in terms of ductility 103322.

Mechanical Properties df Maraging Steels4.

(a) In the annealed condition

Mechanical Property ; Go-Mo. : Pi-Al. : Piapl.
Hardness, VPN 290-320 270-320 190-230
0.2 pet. proof stress,ton/in> 42-52 45455  17-20
Maximum stress.ton/in? | 62«67 60=-70 50-60

Reduction of area, per cent 7075 65=75 70-80
Elongation, per cent 17-19 20 30=~35
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Table = III (contd..)
4

Mechanical Properties of Maraging Steels’.

(b) In_the aged condition

T Fe~18Ni~' Fe-20Ni=' Fe-25Ni-—
1 f ',
Mechanical Property | Co-Mo, , Ti-Al. , Ti-Al.

0.2 pet. proof stress,
2

ton/id? 104-108 107-121 107-122
Maximun stress,ton/in® 107-122  110-125 116-130

Elongation on 4.5 YA, pet. 10-12 10-12 10-15

Reduction of area, pct. 50-60 45-60 40-60
Notched tegsilé strength, .
ton/in®  165-185 140-170 ' 125-160

NTS/MS ratio . ’ 1045""1s 5510 25"‘10 50 1005""16 35

Charpy V-notch Impact -
value, ft-1b. at 20°C 25-30 1220 -

Nil ductility transition | :
temperature, °C - 20 t0-60 150200

. Maraging perilod 3 hrs. 4 hrs, 1 to 4 hrs.

Maraging temperature 480°C  450°¢  450°C
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2,4,2 Influence of Alloying Element on Mechanical
Properties

Minor additions of carbon have a marked sireng-
thening effect on the naraged niékel-iron martensite, and
én increase from 0,01-0,04 pér cent will raise the étiength
- of the Fe-18Wi-Co-Mo steel by about 9 ton/in®, The carbon
increments markediy redace notched properties when more
thaﬁ 0;93 pei cent carbon is present in the steel.

Manganese and silicen should each be held to
below 0.1 per cent maximum, since thesé elements drastically
reducé ductility and notched tensile strengthé. Titaniﬁm.

has a more powerful hardening effect and increases the
proof stress by 4.5 ton/in®. for each 0.1 p;r cent addition
" %o 18 per cent Ni-Co-lMo and 20 per cent NiéTi-Al steels.
Large additions of titanium and aluminium can produce high
levels of hardness,vbut alloys with much more tﬁan 1.9 per
cent Ti plus aluminium tend to be susceptible to brittle
- failure..

Molybdenum additions in the Fe-18Ni-Co-Mo
types of steel raise the 0.2 per cent proof stiress value

of about 0.9 ton/in? for each 0.1 per cent added4.
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Molybdenum alsc helps ian preserving the touganess in the
Fe«18Ni maraging steel. IncieaSing cobalt and molybdenum
contents increases yiéld and tensile strength, Figure 12
shows the effect of cobalt with molybdenum on maraging,and
it is great feature of these steels that only the partioular'
Mo-Co combinations chosen have given this considerable hard-
ening effect coupled with a very high toughness.

| Sulphur and phosphorus have Been found to be
deleterious in conventional ultra—high strength steels,
partiéularly in connection with ductility, weldability and
hydrogen embrittlement., Apart from the control.of the
hardening additions to within the ranges specified above,
the contents of other elements have‘beeﬁ féund to be critical

to give optimum properties.

2.4.3 Corrosion Resistande Property of Maraging Stesls

The maraging steels have better resistance to
atmospheric corrosion than have low alloy steels. Laboratory-
made 18Ni/do/ko steel.‘when ﬁested (Uabeﬁd specimen test)
did not fracture during 240 days exposure in natural sea-

water. Tests which have also been performed in industrial
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marine environments have demonstrated that maraging steels
‘are much less prome to failure than conventional ultra-

‘high strength steels of similar yield strength.
| 1,3,4

The Pe-18Ni maraging steels _are sensitive

| to stress corrosion.craéking in many enviromments, and the .
sensitivity seems to increase appreciably with increasing
temperature. According to one report, cold reduction prior
to aging indreases resistance to stress corrosion in maragQ
ing steels. Welding, on the other hand, increases the
susceptibility to stress corrosion cracking <failure taking
place in heat affected zone. Furthetmone. maraging steels
seem to have a very slow rate of stressﬁcorrosion crack
propogation with a large number of small eracks, rather
than one large crack generally associated with normal high-
strength low-alloy steels. The time to éracking of marag-
ing steels is relatively longer than other conventionsal
_high strength steels heat treated to similar level. Since
stress-corrosion cracking oﬁ microscale does océur in marag-
ing steels, it is generally recommended that these steels,

when used in corrosive environments, be protected by a

coating.
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It was concluded by Setterlund - that despite .
1ts high toughness, maraging steel will fail in a brittle
manner when stressed and exposed to corrosive aqueous solu-
tions, such as distilled-water, tap—&ater, or salt-water.
These alloys will also fail when exposed in stressed condi-
tion to corrosive industrial or sea-coast atmospheres or
when exposed for long peribds to trichloroethylene. Thé
time to failure of Fe-18Ni maraging steel can be decreased
by -
(1) Increasing strength level
(11) Increasing applied-stress level
(ii1) Welding and
(iv) Increasing environmental temperatures.
Prior cold reduction increased the resistance
" of both Pe-18N1i and Fe=20Ni grades of maraging steels tov

stress corrosion cracking, although a reduction in fracture

toughness and bend ductility was observed.

265 Fabricability ¢

2.5.1 Hot-Working :
Maraging steels are readily hot worked by aﬁy
conventional forming'operation and possess better hot plas-

ticity than 18-8 chromium-nickel stainless steels. The
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hot~working range is wide,‘ranging from 1250_~ 800°C, The
maraging sfeels do not exhibit hbﬁ:shortness at temperatu-
.reS'of 1250°¢ and eracking is not a problem even whén ihe
steels are finished below 820°C, Heat ébsérption is aiso
faster than in austenitic steeis, and a heating time of 15
minutes per inch of section is, therefo:e, suggested.
Finishing operations aie performed within the temperature
range, 800 - 900°C, Careful control4”19 of the finishing
operation is essential, both t0 ensure a fine austenlte
grain size and to develop the best‘strength and ductility,

particularly in lérge secﬁ}onso‘

2.5.2 Cold-Forming Characteristics @

Although solution-annealed 18Wi/Co/Mo steels
are réasbnably hard, they exhibit an extiremely low rate of
- work hérdening and can be givén cold reduetions of over 90
'per cent withouﬁ re-annealing. The low work-hardening rate
facilitates production of sheet, strip and wire. It also
helps to simplify production procedures and to reducé ﬁanun
faéturing costs of finished components. Deep drawing operé—

tions have also been successfully carried out; for example,
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light-weight gas bottles ha#e been produced from flat
c¢ircular bianks.

The austenitic structure of the annealed, Fe-
25Ni-TiaAl steel possesses4 a.lower hardness and slightly
better ductility'than the maftensitic structures of other
maragihg steels. These ﬁropertiés have an advantage in
reducing pressures and in ensuiing more uniformity of de-
formation iﬁ comﬁlex cold-forming operations such as deep
" drawing. Although cold work has little effect on the
hardness of sblution~anne§led martensite},it gives.é pro;
nounced strengtﬁening effect after subse@uent maraging.
Col& work, if applied homogeneously across é section, can
increase tensile strength by 2«4 tons/in?_(B.G Kg/hm?) for

each 10 per cent of cold reduction.

2.5.3 Welding Characteristics of Maraging Steels :

Maraging steels exhibit good weldability and
joints have been successfully made by such processes as
coated electrode, submerged-arc, argon-shielded metal-afc,
and argon-shielded tungétenﬁarc, without modifying the

24

normal procedures” . Freliminary indications are that
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other brocesses, such as fine-wire, electron-beam and spo}
welding, can also be used successfully. Unlike medium-
carbon steels soﬁnd welds can be produced in the maraging
steels without the use of preheat., Both the weld metal and
the heat-affected zone of as welded material are soft and
have hardness of annealed alloys. The mechanical properties
can be restored, however, in the Fe-18Ni-Co-Mo and Fe~20Ni-
Ti~Al steels by simply applying the low temperature maraging
treatment. Ausaging, in addition to maraging, nust be a?p-
lied to welds made in the Fe-25Ni-Ti-Al steels in order to
obtain hardening. Argon~shie1ded metal=arc and argon =
shielded tungsten arc processess have been found to be parti-
cularly suitable for the welding of Fe~l8Ni maraging steel
using a filler wire of composition 4 19 which is essentially
that of the parent alloy. With reasonable weldiﬁg precaun~
Yions, the loss of strength will not normally exceed 5 per
cent and this decrease will be accompanied by an increase
in toughness, since unlike carbon'high strength sfeels, no

brittle phase can be formed in the heat-affzcted zone.
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2.5.4 Machining Characteristics and Dimensional Stability:

Maraging steels have machining characteristics
similar or superior to those of medium-carbon low-alloy
steels of simiiar strength. Unlike conventional steels,
the strength developed by maraging steel is independent of
nass and rate of cooling. Because the gross volume change
associated withlmartensite formation is completed during
solution-annealing and dimensional changes during maraging
are very small (0.0 to 0;04 per cent contraction), maraging
steels can be finish-machined in the soft condition before
hardening4'25. As maraging is conducted at a comparatively
low temperature, gross gxidation can éasily'be prevented and
there is no proﬁle‘m of decarburization. Also, the negligible
volume changes and the fery low hardening temperatures
emﬁloyed minimize or'a§oidvth¢vneed of over-size allowances
made on conventional steel to0 accommodate distortion,volume
change and decarburigzation during hardening.

Presént investigations are that 18 bervcent
Ni-Co~Mo maraging steels may be slightly éasier to‘machine

than the 20 or 25 per cent nickel grade steels in the maragef
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condition. The smaller number of operations involved in
the machining and hardening of maraging steel can greatly
reduce production costs in comparison with conventional

ultra~high strength steels.

2,6 Major Applications of Maraging Steels ¢

The various outstanding characteristics of thg
maraging steels offer to the engineer and designer, the
possibility of stionger, lighter and more reliable construc-
tions combined with ease of fabrication®. |

The ultra=high-tensile propertieslg'ae‘and out~
standing notehed toughness of the 18Ni/Co/M§ steels havé
together justified the use of thése steels in applications
where weight saving is essential. Such as rocket and missile
cases, air-craft-structural parts, ligthWpight weapoﬁs and
portable-structure. In the form of_platé these steels ha&e
| potential applicationsﬂas.hull plates in marine engineering,
and as high pressure containers., Fe~18Ni-Co-Mo tyées.of
steel are attractive for cryogenic applications. Whilst

these steels will be considerably more expensive than the

low-alloy steels, the price difference must be viewed in
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relation to the simplified process procedures and consi«
derably higher margin of safety against brittle fallure
offered by the maraging steels.

4, both existing and

In many other applications
potential, the comparativeiy high price of theée steels is
off-set by productién savings resulting from other attrac-
tive features, sﬁeh'as freédom from distortion, simple
heat-treatment, good-machinébility and the ability to weld
without difficulty. In this connection the steels are in
use or are being considered for use in, for example, gears,
fasteners, precision machine parts, shafts, spriﬁgs, com~
pressor parts, dies for injection moulding of metal and

plastics, extrusion dies and tools for hot and cold forming

of metals.,



CHAPPER -~ III

. EXPERIMENTAL DETAILS

3.1 Composition of Maragigg Steels 3

The cémposition of the maréging steels tﬁat
were used in the preseﬁt investigation are shown iq'the
Table~-IV. [The steel bars of 1.8 cm. diameter were received
in the hot-forged condition, by the.eourtesy of Internationa
ﬁiekel Compamny. | | |

| " Table - IV

Composition of the Maraging Steels

Weight Percentage
Ri , Co , Mo , T™ , AL , Ko , 0

1 18 7 5.0 0.4 - -

2 19 - - - 1.4 0,25 0.4 -
325 - = 1.4 0,25 0.4 0.05

—53-'-
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342 Prepération of Specimens :

Gylindricél'specimens of 7 mm. to 9 mm.
height weré preparéd from the forged section for solution~-
treatment, hardneés measurement_and meta;lographic studies.
The specimens were polished, etch#d. ( in 5 per cent nital
solution) and exemined under the optical microscope (Model
MIM 7). The hardness vélues of the wvarious maraging steel

" specimens were also taken in the as received condition.

3.3  Thermal and Mechanical Treatments :

The specimens from eachAsteels were $oluh'

| tion freated in the muffle furnace with a temperatﬁre contro.
| of + 5°C at temperature 820°C for 1 hour. VAfter solution
‘treatment the specimens were air-cooled and thus allowed _

- to transform to martensite or to semi—austenitic_condition.
depending upon the composition of the steel. The specimens_
were polished, etched and examined under the optical micro-
sqope. Tﬁe hardneés values of the various steel specimens
were also taken, |

Steel specimens of various compositions

were compreséed on 100 Ton Universal Testing Machine, with
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a cold deformation varying from zero to 47 per cent. Oold

deformation was calculated as:

. [Change in height of the apecimen x 1(
Pets Cold deformation =/ e —— . o

‘f Originél.length of the specimen.

l

Hardness measurements after the cold-deformation(marforming)

of the steel specimens were carried out and somelof them
‘Wwere polished, etched ahd studied under the optical micro~
scope.

The specimens were halved into the semi-
circular shape. One part of the cut specimens of different
compositions after varying extent of cold deformations were
aged at 450°0 and the rest half at 520°C, The aging treat-
ment was carried out for different lengths of time. viz.,

1 aoury 3 hours, 5 hours, 7 hours, 9 hours, 11 hours and
15 hours, after wﬁich the specimens were air—céoled‘ The
specimens were polished and hardness'falues were measured.
vThe specimens were gfterwards examined under the oﬁticél
microscope.,

A simiiar aging treatment was also done
at 400°C for various lengths of time varying from 1 hour to

20 hours.
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5.4 Hardness Measurements ¢

The hardness tests were performed in_the
Vicker's hardness tester usiﬁg a load of 30 kg. An average
of the three readings was takeh as the hardness value of

the specimen.

3.5 Metallographic Studies !

-

The structures were examined at different
magnifications, the maximum being abaﬁt X 500. Photographs
of some typical nicro-structures were taken at a magnifica-

tion of X 450,



CHAPTER - IV

RESULTS

44.1 Effect of Maraging on Hardness

- (a)  Aging Period

The plot of aging time versus hardness
with varying cold.deformétion for Fe-18Ni, Fe-19N1 and
Pe-25N1 méraging steels at 450°C and 520°C aging tempera- .
tures ére shown 1p figures 13«18, Thé aging 6urves are
similar to those of typical age-hardening type‘of alloys.
Por both the temperatures the hardness value increases
with increasing aging time, reaches a peak value and then
drops continuouélj. The behaviour of all the three steels
is very similar. Initially the hardness increases #ery
rapidly, reaches a peak and then decreases slowly. The
maximum hardness, 680 VPN, is achieved for Fe~19Ni maraging
steel aged af 450°C for 7 hours when 46 per cent cold d;foi?
mation i.e., maif&rming was imparted. The Fe-25N1 maraging
steel shows a maximum hardness of 587 VPN, when aged at

temperature of 450°C for 6 hours and with 47 per cent cold

- 57 -
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deformation. The variationlof hardness for Fe-18Ni
maraging steel stands in 'between the other two types

of maraging steels i.¢.,Fe«l9Ni and Fe-25Ni steels with
a peak value of 618 VPN when aged at temperature of 45000

for 8 hours and with 47 per cent; cqld-deformation.

(b) Aging Tgmﬁeiatuﬁe :

. AAcomparison of the hardness peaks with-
maraging temperature for different steeis‘ét variéus cold-
deformationé is shown in figures 25-29, It ié evident
that the peak hardness values are attained in shorter time
for higher temperatures of agihg and percentage of cold
deformation. At 400°C the hardness increases slowly and
reaches a peak in 16 houré of aging time for the Fe;18Ni
and Feh19Ni_ﬁaraging steels,‘wﬁile in the case of Fe-25Ni
‘maraging steel peak is observed at about 12 hours of aging

time (figure 254).

4,2  Bffect of Mar~forming on Hardness ¢
Figures 19-24 show the effect of mar-
forming followed by maraging on hardness at 450°C and 520°C

. for Pe-18Ni, Pe~19Ni, and Pe-25Ni maraging steels. In
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Fe-18Ni and Fe~19Ni steels the hardness increases conti-
nuously with cold-deformation for constant aging period,
while Pe-25Ni steel shows discontinuity in this linearity
(figures 21 aﬁd 24), The nature of the curves is almost
the same at 450°0‘and‘520°0’aging temperature for all the

three maraging steels.

4,3  Study of Micro-structures :

Optical mierographs of the air-quenched
Fe-18N1i, Fg-lgﬂi maraging steels after‘solution treatment
show almost lQO per cent martensite (figures 31A and 31B).
However, micro-strnctures of the quenched Fe-25Ni steel
show martensite as well as some retained austenite (Pig.31C).
In the micro-gtructures of the aged samples for all the
maraging steels it was'observed that two distinet phases-
the dark etching martensite and thé bright austenitic areas
are present. A careful study Qf all tﬁe maraging steels
under investigation aged at different témperatures for
different periods of time clearly shows that the amount of
austenite gradually increases with continued aging. Tﬁis

shows that reversion to austenite from martensite takes
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[c]

Fe-25N1 steel

Micro-structures of Various Maraging Steels
in the as-received condition

(X450)



[A] Pe-18Ni Steel.

[B] PFe-19Ni Steel,

[C] Pe-25Ni Steel.

Fig.31l. Micro-structures of Air-quenched Maraging ?teeli.
X450



[A]  After 30 pet. [B] 30 pct. deformation,
deformation, aged at 4500C
without aging. for 8 hours.

[C] 30 pet. deformation, [D] 35 pct. deformation,
aged at 520°C aged at 4500C
for 9 hours. for 15 hours.

Fig.32, Micro-structures of Fe-18Ni Maraging(Stee%
X450



[A] After 30 pct. [B] 30 pet. deformation,
deformation, aged at 4500C
without aging. for 9 hours.

[C] 30 pet. deformation, [D] 40 pct. deformation,
aged at 450°C aged at 450°C
for 11 hours. for 15 hours.
Fig.33, Micro-structures of Fe-19Ni Maraging Steel

(X450)



[A] 8 pet. deformation, [B] 13 pet. deformation,
aged at 5200C aged at 520°C
for 5 hours. for 9 hours.
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[C] 30 pct. deformation, [D] 30 pet. deformation,
aged at 4500C aged at 450°C
for 7 hours. for 9 hours,

Fig. 34. Micro-structures of PFe-25Ni Maraging ?teel)
X450
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place along with the aging reaction. However it may be
emphasized that in optical metallography very fine preci-
yitates could not be resolved.

The micro-structure (figures 32D, 330,
33D, and 34D) of the specimen aged for longer period.shows
presence of lafge precipitates, which are presumably due
to coarsening of the fine precipitates detected;earlier at

the initial stage of aging.



CHAPTER - V
DISCUSSION.

An essentia1 £eature of the maragi&g
steels is a martensitic transformation from .y to «
with the resultant production of supersaturated b.c.c.
solidvsolution. This solution decomposes to form preci-
pitatés during a subsequent aging treatment. The stren-
gth level is achieved through a combination of solid so-
‘ lufion hardening38 and the’precipitation hardening39 ,y
| the latter being most importént.

The investigation shows that the marag-
ing reaction in all the three experimentallallays.is an
interplay of two phenocmena, namely, (1) Precipitation in
the martensitic matrix (11) Reversion of martensite to
austenite.

From the hardness curves it 1is seen that
the hardness of all the three steels increases ve:y rapidly

initially and then slowly until some peak hardness value is

-6l -
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reached beyond which the hardness drops indicating over-
aging. It was reported by Speich and swann?® that stru~
ctures of the air-quenched Fe-~18Ni and .Fe-l9Ni maraging
gteel cbnsists of bundies of martensite needles with very
high dislocaticn density similar for low-carbon martensites
in plain carbon steel; however, the gircture cof Fe~25Ni
| maraging steel shows some retained austenite along with
martensite. The rapid iacrease in hardﬁess has been att-
'ributed t0 the dislocation nucleated fine precipitation at
the very éarly stage of maraging. 'During the aging~treat-
ment some re-arrangement of dislocations takes place in the
martensitic matrix and simultaneously precipitation starts
without any incubation peri@d by the heterogenous nuclea-
tion at dislocations. Because of the high density of dis-
location, (v~1011/bmﬂ), a fine dispersion of the precipitate
is obtained,

In the Fe-18Ni maragihg steel the precipi-
tates in solution treated and aged conditions are .acicular
and evenly distributed. This type of precipitate has been

identified by Miller and Mitchell4; as NiBTi. A disc shaped
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precipitate'identified as FeZMa has also been reparted42.

A conflicting identification of the precipitates has been

reported by Chilton and Barton43

in Pe~18Ni maraging steels.
These authors reported that one precipitafe had the compo~
sition N13Mo while the other was designated as o (Pe~Ti).
They reported that N13Mo precipitate had aArod or ribbpn
shaped morphology and‘the.o éﬁecipitate was spherical, The
work of Chilton and Barton appears to be definite. It has
been réported that a disc shaped precipitate'freéuenxly
forms on dislpcétiens and there is a strong relationship
between dislocation density and precipita’cionvdistribution“.
Hardening of iealéﬂi martensites contain-
ing titanium is accomplished by the formation of very fine
. dispersion 6f NiBTi precipitate. As reperted by Speichl3,
the first phase that appears is s&able.in the Ni-Ti binary,
but net in the ifonﬁrich corner of the Pe~Ni-Ti ternary
system. .Possibly, this is associated with easier nuclea-
'tion of the more complex close packed‘ABS type compounds,

such as Ni3mi, from the b.c.c. lattice compared to the

nucleation of the structurally more complex Manzntype
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laves phase such as (Fe, Ni)pTi. The hardening precipi-
tate in the Fe-25Ni maraging steel has been identified as
(Pe,Ni); (T4,A1). |

In our observations it is seen that the
hardness for Pe-10Ni maraging steel is muweh Lnce in the
quenched and as well as in the aged ponditioh at any ﬁem~
perature., This can be attributed to thé fact that in
Pe-19Ni maraging sfeel large volume fracfion of precipi-
taﬁe‘is'fofmed due to higher solute-content i.e., nickel
and resulting in finer dispersion of precipitate particle.
In the case of PFe=25Ni maraging steei some retained austen-
ite is present after quenching, This fact is also suppor-
ted‘by optical metallography.

The high strength of maraging steels is
the consequence of finevdispersion of the precipitate.Which'
often resultsAin anvinteraparticle spacing of the order of.
200 and 300 A%, It has been customary to apply the tﬁeory
of Orowan to explain the strength of maraging steels. This
model certainly requires some modifications, when the parti-

cle distance becomes small, For such condition Ansell has
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derived a mode1?4 in which the strength of the particles
aré?important as the spacing between the particles. During

' the initial stage of precipitation process when the parti-
cles are very smell, the'yield strength, oy y 0f thelalloy
is a fﬁnction of the volume fraction 'f' of the precipita-
tion and the shear strength T@ of the partigles. Ansell
derived the equation :

y 4

f1/3
0.83 - £1/73

When the size of the particles passes a certain critical
diameter, dc, the yield strength can be written @

b T

where @& = shear moduiué ; b = Burgers Vector of the
matrix; A= interparticle spacing. Since the yield strength
is now alsb a function of the interparticle distance,parti-
cle coarsening will cause a decrease of yield strength. The
maximum yield stfength is obtained when the particles have
grown to the critical diameter, de, which is deter@ined by
the volume fraction of the precipitate and by the strength

of the particles. The critical diaﬁeter, de, of the preci-
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pitate particle can be written as:

86b  0.83 - £¥/3

de = :
T ¢1/73

This consideration demonstrates.that the
high strength in maraging steel is not only due to the very
fine,interparticle.spacihg but also due to the very high
shéar strength of the precipitate particles,

From the graphé it}is observed that with
over-aging, there is progressive‘decrease in hardness with
increasing time and temperature. The overaging of these
. maraging steels, as already indicéted, is due to the combi-
nation of the two processes occurring simultaneously, viz;
growth of the precipitated particies and the reversion of
the austenite at higher aging temperatures. The overaged
micro-structures of all the th:ee steels aged at 450°C and
520°C show large precipitates which are presumably dué to
coarsening of fine precipitates present at the initial stage
of aging (figufes 32D, 330, 33D, and 34D). The amount of
austenite formed incrgases with aging time, although it

does not appear in significant quantities in the alloys that
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undergo precipitation hardening until the aging peak is
‘reached. Aﬁstenite appears to nucleate at the martensite
needle boundaries as thin filﬁ which then thickens, resul-
ting finally in alternate plates of ferrite and austenitelB.
The lower rate of austenite formation with titanium, alumi-
nium, or molybdenum additions may be a result either of;

the effeet of the alloying element in shifting the equilib—
rium relations bétween the ferrite and austenite so that
ferrite becomes relatively more stable with respect to
austenite; br of the raﬁid férﬁéfién of nickel rich compound
€eey NiBTi, which drain nickel from the ferrite before the
austenite ‘can form and thus increases the stability of the
ferrite with respect to austenite.

Increasing the temperature of aging in all
the threé maraging steels decreases the time required to‘
reach peak hardness for any constant deformation(figures
25-29), It may be attributed due tq the fact that at higher
temperatures faster diffusion of atdmé takes place. It is
also observed that the peak hardness attained did not vary
much with temperature. This could be due to‘constant den-
sity of nucleation sites present within the martensitic

needles., .
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Cold deformation after solution treatment
of the given steels impro%es the hardness obtained during
subsequent aging. This improvement is a result of a change
in precipitate distribution and the morphology as function
of the increased dislocation generation and their inter-
action accompan&ing’the cold deformation. Cold deformation
increases the density of dislocations, dislocation tangles,

and dislocation debris., Bush29

prdposed that the disloca-
tion’distribution produced by thermo-mechanical piocess
controlled the precipitate dispersion during the subsequent
aging treatment, The dislocat.ions or ‘dislocation debris
may serve as nucleation sites, or as channels for more rapid
diffusion of elements participitating in the aging reaction,
or both. So the increase in dislocation density in cold-
worked material leads to an increase in density of preci-
pitate in the aged material and hence the increase in
hardness.

The rate at which aging proceeds inereases

with increaée in prior cold-deformation for the given mara-

ging steels (figures 13-18). This can be attributed to the
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fact that more tangles are preéent in speciméns heavily
déformed,.which leads to an inerease in the density of
precipitates and thus results in higher hardness.‘

It is observed that for a fixed aging
period fhe hardness of Fe-18Ni and Fe-19Ni steels increa-~
ses 1inearlvaith increase in the prior cold-defgrmation,
_(figures 19, 20, 22, and 23), but in case of Fe~25Ni steel |
(figures 21 and 24) the incfease in hardness is not a con~.
tinuous one, and exhibits discontinuity in the region of
10 per cent cold-feductién. The increaseAin hardness of
the Fe-25Ni-Ti-Al steel durihg the initial stages of cold
reduction is perhaps associated with thé work~hardening
of the martensite and retained austenite accompanied with
precipitation from martensite. The slow increase in harden-
ing on further cold reduction appears to be related with
the decomposition of the retained ausfenite into martensite.
It is striking to note thé% the absence of maraging does
nét reveal this subtle hardening difference.

It is interesting to investigate the peak-

hardness increment with the extent of cold-deformation for



Table « ¥

Difference in peak hardness of Fe~18Hi
Thermo=nechanically tested Marging Steel.

somposition' Temperature! Hardness: ! Amount of prier cold deformatien,n per cent
L Y { -

TR 1 ‘ i 3
IR R

0 BeskValue 519 B8 55 604 616

Pet.incre~

nent in Fil 155 242 432 639
peak yalue | - |

x 10

ee18Ni
520  Desk value 546 55 564 576 . 592

Pet,incre= . o

ment in il 46 330 550 841
peak value -

x 10~




Table - VI

Difference in peak hardness of Pe-1081
Thermo-mechanically tested Maraging Steel.

mposi tion! Temperature! Hardness '  Amount of prior cold deformation, per cent
| ! | ‘

"0 : i ' I
AR e N T

450  DPeok value 632 058 666 675 678

Pet.incres -

ment in §il - 41l 538 661 - 728
peak valug® ' ‘

x 107

108 |
520  DPeak value - 590 626 032 641 576

Pctlincre“
ment in §il 611 712 865 . 915
peak value

x 10-#




Tgble - VII

Difference in peak hardness of Fe-25Mi
Thermo-mechanically tested Maraging Steel.

omposition! Temperature’ Hardness ' fmount of prior cold deformation, per cent
§ ! i

t tHo i

t 0 R i [
, 0 N A | D R B 0 | 47

450  Deak Value 3B 5% 560 576 501

- ‘Petiinere- -
ment in Bl 6% T 75 803
Peak Value | |
. x10m
te-25N1 | | | L -
520  Peak Value 332 54 538 548 560

Pot, incre« o
ment in - Fil 578 620 651 686
Peak Value |

x 10~
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all the three maraging steels (figures‘35 and 36). Tablés
V-VIiI show’the data of such increments for all the three
steels calculéted from the figures 25«29, TFor all the
maraging steels it is noted that the variations of peak
hardness incremeﬁt is not linear one. In‘the case of
‘Pe~19Ni and Fe-25Ni maraging steels, iﬁ early stage of
deformation the vaiiation is a rapid one, while for Fe-18Ni
maraging steel the plcture is rever#ed. For both the
gteels i.e., Fe-18Ni and Fe~-19Ni, with increase of aging
temperature the peak hardness inérement is increased. How-
ever, in the case of Fe425Ni maraging steel, the trend is
reversed, This.appears to be_related to the austenite
reversion at élevated temperatures for such steel composi-
-'tion. At higher degreé of prior cold deformation, say, 45
_per cent the picture is not consistent as in case of lesser
degree of deformations. For example, the peak hardness
increment of Fe~18Ni steel at 52000 maraging temperature

is more than Fe-19Ni steel at 450°C.
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CHAPTER - VI

CONCLUSIONS.,

Hardness value of solution treated and air-cooled
specimens of Fe-lQNi steel is higher than ihat of
Fe-18Ki maraging steel. However, hardness value of
FeQZSNiﬂmaraging steel is lgsser than those of
eifher composition, \

A plot of hardness with‘aging period reflects
maxima for all the three maragihg steels investigated.
For all the steels investigated with increase'in |
prior cold deformation,the hardness for any period
of aging increases.

For each maraging steel it is observed that an
increase in the prior cold-deformation bhifté the
hardness pesk towards lesser aging period.

The variation of hardness with aging time for any
fixed aging temperature also shows a maxima, which
shifts towards lesser aging period, when.temperature

is increased.
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Por a fixed sging period the hardness of Ee—l&Ni
and Fe-19W4i méraging steels increases linearly
with increase of prior cold deformation. But in
cage of Fe=25Ni steel there is a discontinuity in
this linearity of such curves. In this case upto
8 per cent cold-deformation the hardness increase
is rapid which gets decreased wlth further increase
of cold-deformation. |
For no prior.cold—deformation it is observed that
the hardness pesk for constant maraging temperatu-
rés of 450 and 520°C and for any steel composition
investigated occurs at the_same aging period,
while at 400°C the hardness pesk shifts towards
higher aging time. E;ior cold~-deformation upto 17

per cent, the peak hardness remains unaltered. How-

ever, with further increase in prior cold-deforma—

tion i.e.y 40 per cent there is a progressive shift

" of the peak hardness period towards lower values.

But a still higher prior deformation i.e. 47 per cent
causes no change in comparison with those having

40 per cent prior cold deformation.
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The peak hardness increment variéiion with the
extent of cold deformation for all the three
maraging steels is not linear one. In case of
Fe-lQNi and Fe-25N1 maraging steéls in early
stage of deformation’the variatiqn is rapid one,
while for Fe-18Ni ‘maraging steel the picture

is reversed.



CHAPTER - VII

SUGGESTIONS FOR FURTHER. STUDIES

'On the basis of the experimeﬁtai results
aiready obtained it is evident that scope of thermo-mecha-
nical tieatment of maraging steel is very extensive,
;However, a number of parameters are still necesséry to
understanq the picture cdmpletely and give a c¢lear cut
basé . In this regard the following types of work may be
further extended.

l. A systematic study of phase identification by
electron-microscopy technique, not only at room

“ tenperature but also at elevated temperatures.

2, Magnetio measurements could very well be extended
to quantitatively estimate the pressure of retained
austenite.

3. A detailed micro~hardness study is alsovdésirable
in order'to ;véluate the possible presence of

- different micro~constituents.

..76-



4. Various investigations have revealed that substi-
tution of manganese for nickel has not been found
of mach signifieance_because of embrittling beha~
viour, A useful research could be directed in
thié field in involving.FeaMn raraging steel by
studying in details‘thevprecipitatign procesé and

their kinetics,

These'above techniques will be of great
significance in understanding some non-linear vgriations
of properties as obtained by us in terms of complex prea:

“ecipitate.
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