Metal Science and Heat Treatment, Vol. 56, Nos. 3 —4, July, 2014 (Russian Original Nos. 3 —4, March — April, 2014)

CORROSION-RESISTANT STEELS

UDC 669.018.8

A STUDY AND DEVELOPMENT OF HIGH-STRENGTH
CORROSION-RESISTANT STEELS WITH CONTROLLED MARTENSITIC
TRANSFORMATION FOR CRYOGENIC ENGINEERING

V. 1. Novikov,! V. V. Dmitriev,! and K. I. Nedashkovskii!

Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 3, pp. 49 — 55, March, 2014.

High-strength corrosion-resistant steels with controlled martensitic transformation developed at the V. P. Glu-
shko Energomash Research and Production Association, are studied. The main principles of their alloying and
heat treatment are described. The advantages and prospects of the use of the new steels for making elastic me-
tallic seals and soldered and welded units of liquid-propellant engines with cryogenic fuel components are

presented.
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INTRODUCTION

High-strength corrosion-resistant steels of the mar-
tensitic class with bec lattice (of type 03Kh12N10MT-VD
with a structure of carbonless cold-resistant martensite) and
of the transition austenitic-martensitic class with a mixed
(bee + fec) structure (low-carbon steels of type 07Kh16N6-Sh
and high-strength maraging steels of  type
03Kh14K14N6M3-VD) have found application in highly
loaded welded structures of cryogenic engineering [1, 2].

The main advantage of the martensitic steels of type
03Kh12N10MT-VD is the possibility of their application
without heat treatment after welding, which simplifies sub-
stantially the design of welded and welded-and-soldered
cryogenic units. However, steels of this class have a compar-
atively low strength (o,=950—- 1000 MPa) due to the li-
mited possibilities of hardening of the bcc lattice of
martensite susceptible to cold brittleness. On the contrary,
the austenitic-martensitic steels with double-phase (bcc + fec)
structure are less susceptible to cold brittleness and are
hardenable by the known methods of solid-solution and pre-
cipitation hardening. However, they require a post-welding
heat treatment to restore the properties of the heat-affected
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zone of welded joints. In addition, the transition steels pos-
sess unstable austenite and are liable to hydrogen embrittle-
ment. This limits their application in parts operating on li-
quid hydrogen and after deposition of hydrogen-charging
galvanic coatings.

Creation of steels of the martensitic class with controlled
martensitic transformation has good prospects in this respect.
The required content of the austenite phase is provided in
such steels by a special heat treatment based on processes of
thermal stabilization of dispersed y-phase. Steels of this type
combine the most valuable properties of both martensitic and
austenitic-martensitic steels and possess principally novel
physical and mechanical properties due to the special struc-
tural form and fineness of the y-phase.

Thermal stabilization of austenite as a factor raising the
impact toughness and cold resistance of martensitic steels
has been studied well enough. Less attention has been de-
voted to the fact that under some conditions the fine particles
of the “soft” austenitic phase can play an unusual role of a
martensite-hardening fine y-phase with a high energy of elas-
tic interphase interaction.

For the first time the possibility of such hardening was
discovered for metastable austenitic steels of type N30 with a
lens-like (twinned) morphology of the martensite. In these
steels slow cooling in the intercritical range of the inverse
o — y martensitic transformation yields up to 35% of a dif-
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TABLE 1. Chemical Compositions of the Developed Steels
N Mn Si S P
Steel C Cr Ni Co Mo
at most

03Kh10N8K4MF-VD <0.03 95-105 75-85 40-50 12-19 0.01 0.15 0.15 0.010 0.010
03Kh12N9K4ML <0.03 105-12.0 75-9.0 3.0-45 08-15 0.08 0.70 0.50 0.015 0.015
03Kh11N9K4M-Sh <0.03 105-11.0 7.5-85 3.0-45 08-15 0.08 0.70 0.50 0.015 0.015

Note. In addition to the listed elements the steels contained 0.1 — 0.3 V.

ferently oriented fine y-phase, which increases their yield
strength by more than a factor of 1.5 [3, 4]. In structural
maraging steels of type 03N18KIMST having a packet (lath)
martensite structure a fine y-phase (metastable austenite)
forms in the process of thermocycling treatment, which
raises the fatigue resistance and provides new physical and
mechanical (elinvar) properties in the alloys [5, 6].

In corrosion-resistant steels for cryogenic applications
the hardening of martensite with a fine y-phase has a complex
nature and is less studied. In steels 03Kh12N10MTP-VD and
03Kh11N8M2F-VD thermocycling in the intercritical range
of inverse martensitic transformation can stabilize up to 40%
of the fine y-phase in the form of thin phase-hardened layers
between laths of packet martensite. This is accompanied by
simultaneous growth in the strength and impact toughness
[2, 7]. However, in slow heating typical for heat treatment of
commercial burdens the steels undergo substantial softening
that seems to be caused by diffusion processes of recrystalli-
zation of the high-strength fine y-phase into a low-strength
phase of a globular (equiaxed) modification. This drawback
is absent in maraging steels of the Fe — Cr — Ni — Co — Mo
system having a heterogeneous structure and a higher tem-
perature threshold of recrystallization of the fine y-phase.

Specialists of the V. P. Glushko Energomash Research
and Production Association in cooperation with the
KOMPOZIT Company have used the facts mentioned to de-
velop new corrosion-resistant maraging martensitic steels
with controlled martensitic transformation for making elastic
metallic seals and soldered-and-welded units of liquid-pro-
pellant engines (LPE) with cryogenic fuel components
[8 —10].

The aim of the present work was to substantiate the ad-
vantages and perspectives of application of maraging steels
with controlled martensitic transformation in LPE structures
instead of the “classical” steels of the martensitic and transi-
tion austenitic-martensitic classes.

METHODS OF STUDY

The chemical composition of the developed steels with
controlled martensitic transformation is presented in Table 1.
The steels have virtually similar compositions with respect to

the principal alloying elements but differ by the methods of
melting in the metallurgical production.

Deformable steel 03Kh10N8K4MF-VD is melted in va-
cuum induction furnaces with subsequent vacuum-arc re-
melting (VAR). The steel is used for making highly loaded
elastic metallic seals of detachable joints of LPE operating
under severe conditions of dynamic and vibration loads, high
contact pressures, action of aggressive environments and
cryogenic temperatures. Castable steel 03Kh12N9K4ML is
melted in open induction furnaces and serves for making
large shaped castings and soldered-and-welded units of LPE.
Experimental deformable steel 03Kh11N9K4M-Sh is melted
in open induction furnaces with subsequent electroslag
remelting (ESR) and serves for making high-load welded
and soldered-and-welded units of the cryogenic conduit of
LPE for which post-welding heat treatment in inadmissible.

According to the accepted structural classification the
steels belong to the martensitic class. The inverse o — y
transformation in these steels occurs by a martensitic mecha-
nism with features of normal (diffusion) transformation,
which promotes thermal stabilization of the fine y-phase. The
critical points of the polymorphic transformations of the
steels are Ac; =540 —-560°C, Ac;=740-750°C, M=
110 — 170°C; the temperature of recrystallization of the aus-
tenite after phase hardening 7, = 850°C.

The initial preforms for the study had the form of
hot-rolled bars 90 mm in diameter (deformable steels) and
investment-cast wedges (castable steel 03Kh12N9K4ML)
and were subjected to heat treatment in the following modes:
(1) a standard heat treatment (for martensite) involving air
quenching from 1000°C and cold treatment at — 70°C and
(2) thermal stabilization of the fine y-phase for forming a
double-phase (o + y)-structure (Fig. 1). After the quenching
we performed tempering at 250°C for 3 h or hardening aging
at 500°C for 3 h.

The resistance to plastic deformations (the rupture
strength o, and the yield strength o, ) and the ductility pa-
rameters (the elongation o and the contraction ) were deter-
mined from the results of tensile tests performed at a temper-
ature of 293, 77 and 20 K (GOST 1497-84 and 11150-84).
The resistance to brittle fracture was evaluated from the re-
sults of tests of prismatic specimens with a V-notch for im-
pact bending (the notch radius was 0.25 mm) at a tempera-
ture of 293, 77 and 20 K (GOST 9454—78 and 22848-77).
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Fig. 1. Scheme of heat treatment for thermal stabilization of fine
Y-phase.

The microstructure and the phase composition were stu-
died by the methods of light microscopy and physicochemical
phase analysis. The content of the austenitic phase was deter-
mined by magnetometry and by x-ray diffraction analysis us-
ing a DRON-2.0 diffractometer in iron K, radiation.

The weldability of the steels was studied on welded
plates obtained by argon arc welding with a nonconsumable
tungsten electrode without a filler and with a filler wire of
grade 03Kh12N9M2S-VI. The effect of the mode of solder-
ing on the mechanical properties of the base metal was stu-
died after a heat treatment imitating soldering of copper-steel
structures (copper-silver solder of grade PSr72, soldering
temperature of 815°C, hold of 2 — 3 min, rate of heating and
cooling of 5 — 7 K/min).

RESULTS AND DISCUSSION

After a standard heat treatment (/) the steels have a
structure of packet (lath) martensite with less than 5% re-
tained austenite. After tempering at 250°C the martensite has
higher parameters of ductility and impact toughness
(KCV7"K =0.5-0.7 MJ/m?). However, a hardening aging
at 500°C causes transition of all the studied steels with ini-
tially martensitic structure into a state of cold brittleness
(KCVTTK <0.1 MJ/m?).

Such phenomena (thermal 475°C-brittleness) are com-
monly associated with layering of highly defective disloca-
tion martensite by the mechanism of spinodal decomposition
that yields fine disperse modulated zones enriched with chro-
mium [11]. In steels alloyed with molybdenum and cobalt
these zones are centers of nucleation of a fine disperse inter-
metallic R-phase of the family of c-phases of the Fe-—
Cr — Mo system [12]. The susceptibility to thermal brittle-
ness is a substantial disadvantage of martensitic steels for
cryogenic applications due to decrease in the impact tough-
ness of the heat-affected zones of welded joints and limited
possibility of thermal degreasing of internal cavities of the
cryogenic conduit of LPE.

After heat treatment (2) for thermal stabilization of the
fine y-phase the characteristics of ductility and impact tough-
ness of the steels increase simultaneously (Fig. 2), and the
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Fig. 2. Mechanical properties of steels 03Kh10N8K4MF-VD (a),
03Kh12N9K4ML (b ) and 03Kh11N9K4M-Sh (c): black columns)
after heat treatment / (quenching for martensite); white columns) af-
ter treatment 2 (thermal stabilization of fine y-phase).

content of austenite in the metal increases to 20 — 35%. Light
microscopy allows us to detect differently etched fragments
(blocks) of what is known as “structureless” acicular mar-
tensite typical for a chiefly martensitic structure (Fig. 3).

According to the results of the electron microscope study
of the known cryogenic steel 03Kh11N8M2F-VD performed
in [7], thermal stabilization of the fine y-phase yields a spe-
cial microstructure of a “microduplex” type with thin layers
of austenite (with a width of up to 0.2 um) between laths of
packet martensite. The thus formed austenite phase has a
high resistance to martensitic transformation under plastic
deformation in cryogenic environments.

Aging of the studied steels with two-phase (o + y)-struc-
ture at 500°C raises their strength properties by 100 —
120 MPa as compared to tempering at 250°C. It seems that in
this case the strengthening is connected with the appearance
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Fig. 3. Microstructure of castable steel 03Kh12N9K4ML after heat
treatment (x 100): a) regime / (quenching for martensite); ) re-
gime 2 (thermal stabilization of fine y-phase).

of zones of pre-segregation of an intermetallic R-phase, be-
cause a phase physicochemical analysis of the anode butts of
the steels has not shown the presence of an excess R-phase.
At the same time, the anode butts contained traces of Cr,;Cq
carbides after a heat treatment for a two-phase (o + v)-struc-
ture (quenching from 750°C). This is an undesirable factor
that may cause substantial decrease in the resistance of cryo-
genic steels to brittle fracture.

For maraging cryogenic steels the hardening due to for-
mation of an intermetallic R-phase is more efficient than the
known hardening of martensite with a Ni;(Ti, Al) y'-phase.

V. 1. Novikov et al.

This is connected with the fact that nickel and cobalt deple-
tion of the solid solution is virtually absent in the near-
boundary zones, and the cold resistance of the martensite
phase remains high enough [13]. At the same time, the deple-
tion of the solid solution of chromium worsens the resistance
of the metal to corrosion cracking and thus limits the range
of application of high-strength steels (with o, > 1500 MPa)
hardened with an intermetallic R-phase.

The mechanical properties of the developed steels with
controlled martensitic transformation are presented in Table 2.

Our data show that the highest resistance to brittle frac-
ture is exhibited by steel 03Kh10N§K4MF-VD obtained
with vacuum arc remelting. This steel is characterized by
high resistance to low plastic deformations (the elastic prop-
erties), resistance of the austenite phase to martensitic trans-
formation under plastic deformation in cryogenic environ-
ments, and high resistance to hydrogen embrittlement. These
properties make the steel effective in highly loaded elastic
metallic seals of detachable joints of the cryogenic conduit of
LPE at a temperature of up to 77 K. The chemical composi-
tion of this steel has been patented in the USSR [14]. Disad-
vantages of steel 03Kh1ONS8K4MF-VD (just like of the
known grade 03Kh12N10MT-VD) are an enhanced suscepti-
bility to formation of welding cracks in roots of welded
joints formed by argon arc welding with nonconsumable
tungsten electrode without filler and decrease in the impact
toughness in these zones (KCV77¥=0.1 MJ/m?). It seems
that the latter disadvantage is typical for welded VDP steels
due to the coarse crystalline (columnar) structure of welds,
which is typical for a not inoculated vacuum-melted metal.

A principal feature of steels with controlled martensitic
transformation as compared to “classical” martensitic steels
for cryogenic applications is the absence of strict require-
ments on the admixtures of nitrogen, silicon and manganese
due to the high toughness margin of the two-phase (bcc + fcc)
structure. Castable steel 03Kh12N9K4ML produced by open
induction melting contains up to 0.08% nitrogen impurities
and can serve in LPE structures at a temperature of up to
20 K (liquid hydrogen). The steel is well adaptable to cast-
ing, welding and diffusion soldering and does not require an

TABLE 2. Mechanical Properties of the Steels at Normal and Cryogenic Test Temperatures

Steel T,K c,,MPa  o(,,MPa c; /o, 3, % v, % KCV, MJ/m?
03Kh10N8K4MF-VD 293 1130 1100 1.57 17 77 1.7
77 1640 1460 1.36 29 71 0.9
20 1920 1770 1.25 25 51 0.8
03Kh12N9K4ML 293 1150 1080 1.50 18 68 0.9
71 1550 1400 1.30 16 45 0.7
20 1600 1480 1.10 15 35 0.5
03Kh11N9K4M-Sh 293 1180 1100 1.55 18 70 1.1
77 1730 1450 1.32 25 60 0.8

Notations: o] is used for the ultimate rupture strength of a notched specimen.
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obligatory heat treatment after the welding. In contrast to the
known VDP steels it is not susceptible to formation of weld-
ing cracks at the roots of welds, because the weld zone has a
fine crystalline structure. Steel 03Kh12N9K4ML preserves a
high level of properties after diffusion soldering with copper
and copper alloys. The base metal and the welded joints have
a high resistance to corrosion cracking in sea water. In highly
loaded welded and welded-and-soldered units of the cryo-
genic conduit of LPE, which do not permit heat treatment af-
ter welding, steel 03Kh12N9K4ML has replaced the known
castable martensitic and martensitic-austenitic steels. The
chemical composition of this castable steel has been patented
in the Russian Federation [15].

The chemical composition of the experimental deform-
able steel 03Kh11N9K4M-Sh obtained with the use of ESR
is similar to that of castable steel 03Kh12N9K4ML. Grade
03Kh11N9K4M-Sh serves for highly loaded soldered-
and-welded units of LPE and can replace the known cryo-
genic steel 03Kh12N10MT-VD used today in a martensitic
condition (after quenching from 1000°C). The developed
ESR-steel has a high strength level (o, = 1130 — 1200 MPa)
and a good weldability, is insensitive to the rates of heating
and cooling in the process of diffusion soldering and not sus-
ceptible to thermal brittleness in thermal degreasing of fin-
ished parts and units. The high level of mechanical and tech-
nological properties of steel 03Kh11N9K4M-Sh is provided
by electroslag remelting of the metal and by formation of a
two-phase (o + y)-structure during heat treatment. Today this
steel is delivered in the form of hot-rolled bars with diameter
40 — 100 mm and serves the burden material for melting
castable steel.

We used the results of the present study to formulate the
following main principles of alloying in heat treatment of
corrosion-resistant maraging steels of martensitic class with
controlled martensitic transformation for cryogenic applica-
tions.

(1) The chemical composition of the steels should be ba-
lanced with respect to the main alloying elements and impu-
rities in accordance with the Potak—Sagalevich phase dia-
gram [2] with allowance for formation of a dominantly sin-
gle-phase martensitic structure with minimum content of re-
tained austenite, o-ferrite and excess intermetallic phases af-
ter melting and homogenizing annealing.

(2) The content of carbon in the steel should be mini-
mum (at most 0.03%) for preventing formation of em-
brittling carbide phases of type M,;C; typical for the regime
of thermal stabilization of the fine y-phase.

(3) For effective thermal stabilization of the fine y-phase
and additional precipitation hardening the carbonless chro-
mium-nickel matrix of the steels should be alloyed jointly
with molybdenum and cobalt (with simultaneous lowering of
the concentration of chromium and nickel as compared to the
base steel 03Kh12N10M). The limiting concentration of
these elements should not exceed the critical values at which
a brittle intermetallic Laves phase Fe,Mo segregates from

the supersaturated y-solid solution. The appearance of modu-
lated concentration heterogeneity upon aging of the
y-martensite (layering of the a-solid solution with respect to
chromium and formation of zones of pre-segregation of an
intermetallic R-phase of the family of c-phases) raises the
fineness and the stability of the y-phase formed in the inverse
o — vy martensitic transformation.

(4) In steels with controlled martensitic transformation
having a two-phase (bcc + fec)-structure the concentration of
nitrogen admixtures may be raised to 0.08%, which makes it
possible to provide additional solid-solution hardening at a
high enough resistance to cold brittleness. This circumstance
opens way to creation of manufacture-adaptable martensitic
ESR-steels applicable in cryogenic engineering instead of
the VDP steels of the same class and purpose.

(5) The optimum regime of heat treatment for thermal
stabilization of the fine y-phase involves the following
stages:

— preliminary quenching from 1000°C for refining the
austenite grains and forming a dominantly single-phase
structure of lath a-martensite with minimum content of re-
tained austenite;

— heating and isothermal holding in the first half of the
intercritical range Ac; — Ac; aimed at formation of layers of
secondary (reverted) austenite enriched with nickel and in-
terstitial admixtures (nitrogen and carbon) between the laths;

— heating and low-temperature austenitizing at 750°C
(but not above the recrystallization threshold of secondary
austenite after phase hardening) for obtaining a maximally
heterogeneous austenitic matrix with a high degree of con-
centration nonuniformity and a dislocation substructure in-
herited from the phase-hardened secondary austenite;

— quenching from 750°C, cooling in air, and subsequent
cold treatment at — 70°C aimed at formation of the required
two-phase (o + y)-structure with low energy of elastic inter-
phase interaction;

— aging at 500°C aimed at additional precipitation hard-
ening of the y-martensite.

It should be noted that the nature and the laws of harden-
ing of corrosion-resistant martensitic steels with a fine
y-phase have not been studied exhaustively. We have
grounds to assume that the hardening is connected with the
submicrocrystalline and nanocrystalline pattern of the dou-
ble-phase (a + y)-structure and with the high energy of the
elastic interphase interaction of the bec and fec crystals that
have preserved coherent bonding. The strength and the struc-
tural stability of steels of this type are affected substantially
by the elastic stresses of uniform compression of the austen-
ite layers between laths of packet martensite, which are con-
nected with the volume expansion in the process of the
fcc — bee transformation. Under the conditions hindered
forward martensitic transformation a metastable y — ¢ trans-
formation through an intermediate hardening e-phase with a
hcp lattice (e-martensite) can be more favorable kinetically.
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This may be an explanation of the high resistance of the
steels in question, which bear an elevated content of retained
austenite, to low plastic deformations.

CONCLUSIONS

1. The V. P. Glushko Energomash Research and Produc-
tion Association has developed multifunctional structural
steels of the Fe — Cr — Ni — Co — Mo system for cryogenic ap-
plications, namely, high-strength corrosion-resistant mara-
ging steels of the martensitic class with controlled marten-
sitic transformation for manufacturing high-load parts and
units of LPE.

2. A principal feature of the new steels as compared to
the classical martensitic and transition austenitic-martensitic
steels for cryogenic engineering is the formation of a high-
strength fine y-phase with submicrocrystalline structure and
high stability as a component of a double-phase micro-
duplex-type (o + y)-structure in the process of heat treat-
ment.

3. The developed steels have found application in elastic
metallic seals (steel 03Kh10N8K4MF-VD) and soldered-
and-welded units (castable steel 03Kh12N9K4ML) of the
cryogenic conduit of powerful LPE of the last generation.

4. The experimental martensitic steel 03Kh11N9K4M-Sh
heat treated for a double-phase (a0 + y)-structure has a favor-
able combination of mechanical and process properties,
which demonstrates a principal possibility of effective appli-
cation of martensitic steels produced by electroslag
remelting in welded structures of cryogenic engineering in-
stead of the now used steels obtained by vacuum arc
remelting.
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