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Maraging steels are among the highest strength steels commercially available. Despite being
relatively rare and expensive, they may present a yield strength around 3 GPa and are indispensable
for various applications. In the present paper, several aspects will be reviewed related to maraging
steels including a brief history of its development, microstructure and acting hardening mechanisms,
loss of toughness with the tensile strength increase, resistance to oxidation, and corrosion, nitriding

behavior, and future perspectives.
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1. Introduction

Steels have been the engineering materials most used
in the last two centuries and probably will continue being
so in the present century. The annual steel production in
2019 has been 1.845 billion tons'. This huge production has
been due to several factors: large availability of iron ore with
high iron content, relative ease of reduction from the ore
to the metal (pig iron), availability of advanced fabrication
technologies as well as the established ones, the existence of
thousands of chemical steel compositions with differentiated
properties and geometries that fulfill most complex project
requirements, apart from relatively low final prices. As most
of the steel applications are structural, the development of
the high strength steels has been given special attention in
the last decades.

Figure 1 shows the evolution of the yield strength of the
structural steels since 1850, according to Albert M. Hall?,
then head of the Ferrous and High Alloy Metallurgy Division,
of the Battelle Memorial Institute (Columbus, Ohio, USA).
The initial part of the graph presents the steels for massive
structural applications. For the special applications, we may
pay attention to the change in the slope of the curve at the
end of the *40s, associated with the usage of steels in the
aeronautical structures. Moreover, it is worth mentioning the
foresight of the author (the article was published in 1964),
of the steels with yield strength over 400 ksi. (2760 MPa),
which became a commercial reality only the *80s.

The upper limit for the mechanical strength of a crystalline
solid has been theoretically calculated in two ways. The oldest
one proposed by Frenkel® in 1926, assumes that there are no
crystalline defects (dislocations), and calculates the theoretical
shear strength to cause slip between two parallel crystal
planes. The second approach, published by Orowan* in 1949,

*e-mail: leandro.carvalho@alumni.usp.br

estimates that the stress required to break the chemical bonds
between two atoms of two parallel planes, creating a fracture
surface or cohesive theoretical strength. The calculated values
for different materials according to the model of Orowan
are generally higher than those obtained by the model of
Frenkel®. According to Meyers and Chawla®, the values for
iron, calculated according to the models of Frenkel and
Orowan are approximately 13 and 67 GPa, respectively.

Experimentally, the strength of pure iron presents two
extremes separated by three orders of magnitude. The upper
limit, around 13 GPa, has been measured in whiskers of about
1.6 um in diameter’. The lower limit, between 10 and 15 MPa,
has been observed in annealed monocrystals of pure iron and
tested at room temperature®. None of these two materials
(whiskers or monocrystals) has any significance in terms
of structural applications. On the other hand, commercial
steels are available in different geometries, present a broad
spectrum of strength and a large area of applications.
Among the ultra-high-strength steels, historically piano
wire (hypereutectoid steel) must be pointed out, with a
tensile strength between 1600 to 3300 MPa, according to its
diameter’. Recent research work'® reported tensile strength
values of up to 7 GPa obtained in such a wire. To attain such
a high strength level, a 0.54 mm dia. steel wire containing
0.98% carbon, austenitized at 950 °C for 20 seconds, which
following suffered a eutectoid transformation at 580 °C
for 20 seconds, has been cooled to room temperature and
finally wire drawn down to 20 um, approximately'®. Once
more, similarly to the whiskers, the minute diameter limits
the usage of these exciting materials. It is important also
to mention that in the technical literature, there is no clear
definition of what an ultra-high-strength material is.

Steels are generally classified'! in three strength levels:
low, medium, and high. This classification is based using
the (E/YS) ratio, where E is the elasticity modulus, and
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YS is the yield strength. Steels having E/YS greater than
300 are considered as being of low strength, between 300 and
150 of medium strength, and lower than 150 are regarded
as high strength steels!'. The more common maraging steels
present (E/YS) lower than 150: maraging 200 (E/YS =133);
maraging 250 (E/YS=108); maraging 300 (E/YS=92);
maraging 350 (E/YS=83) and maraging 400 (E/YS=69).
Some classes of the maraging 400 steels are frequently
denominated as being ultra-high-strength. In the absence
of a clear definition for the ultra-high-strength steels in the
literature, in the present paper, all steels with (E/YS) lower
than 75, which corresponds to a yield strength of about
2500 MPa, will be considered as being ultra-high-strength.

Among the ultra-high-strength materials, available in
the market in the various geometries and produced by well-
known processes, maraging steels must be pointed out, that
can present a YS over 3 GPa'2. In the Fe-Ni system, the base
for the maraging steels, man has been using them before
the discovery of the chemical element Ni (in 1751), and
before the birth of the commercial Ni-alloyed steels, around
1888/1889'3. There is plenty of archacological evidence that
meteorites, in general, Fe-Ni alloys, have been used by our
ancestors in the pre-history to produce weapons, tools, and
jewelry®. For instance, the Bendegd meteorite weighing
5360 kg, found in the outback of Bahia (Brazil) which is
part of the National Museum (Rio de Janeiro) since 1888,
has the following chemical composition (wt.%): Fe=95.1%;
Ni = 3.9% and other elements = 1.0%'.

Maraging steels have been initially proposed (a patent
has been deposited on Sept. 11, 1959, and granted Jun.
11, 1964) by Clarence George Bieber'>'¢ of The International
Nickel Company Inc., having a Ni content of about 25%.
Following, in 1962, other researchers of the same company
published a paper!” on maraging steels with a Ni content
of about 18%, which was the elemental composition that
predominated due to its superior toughness. Maraging steels
are practically exempt from the carbon. They present (after
air cooling starting from the austenitic field), a ductile and
tough non-twinned martensite (see Figure 2) in the form
of packets or lath martensite!®!°. This, in turn, can be
submitted, subsequently, even to large cold rolling thickness
reductions'®. The massive increase in strength is associated
with precipitation hardening caused by nanometric sized
intermetallic particles that precipitate during subsequent
aging of the martensite (“maraging”), in the temperature
range of 400 to 600 °C"".

Maraging steels present a very favorable start (M)
and finish (M) martensitic transformation temperatures,
i.e., well above room temperature®. Moreover, the usual
aging temperatures are situated bellow the temperature for
the transformation of martensite into austenite (A and A ).
Figure 3 shows the dilatometric curve presenting the main
phase transformations that occur in a maraging 350 steel® (see
typical composition in Table 1).

Starting from the ‘70s maraging steels have been
developed?' with increasing strength (and decreasing
toughness), with the Fe-18%Ni-Co-Mo?** base composition,
as the maraging 200, 250,300, and 350 presented in Table 1.
The numbers mentioned represent the maximum ultimate
strength (ksi) obtained after aging. With the passing
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Figure 2. Schematic microstructure of lath martensite in maraging
steels: (a) schematic presentation'®; (b) EBSD map of the maraging
350 steel®.
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Figure 3. Dilatometric curve of heating and cooling for a maraging
350 steel, heating rate =1°C/s%.

years, thoughts were to increase even more the strength of
maraging steels. The base composition should be modified
deriving'??*? maraging steels with a YS in the order of 3 GPa,
using the Fe-13%Ni-15%Co-10%Mo-Ti base composition.
This new class of steels, commercially available since the ’80s,
became known popularly as maraging 400 and 450 steels.
It is worth mentioning that the Y'S of 400 ksi (2760 MPa)
seems to represent an upper boundary for the maraging
steels with 18%Ni?* and that the lower limit for the
13%Ni-15%Co-Mo-Ti'2!3* maraging steels. The characteristics
and particularities of the precipitation hardening of these
new ultra-high-strength maraging steels have been studied
with the help of transmission electron microscopy!>***?7 and
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have shown that after aging the reiterated presence of three
types of nanometric sized precipitates: (Ni,Fe),(Mo,Ti);
p-(Fe,Co),Mo, and the Laves phase (Fe,Co),(Mo,Ti). On the
other hand, several characteristics of the phase transformations
and the hardening mechanisms acting in this new class of
maraging steels require complementary and more detailed
studies. It should be pointed out also that the subject of the
present paper is actual and continues raising the interest of
several important research groups®.

Among the several applications of the maraging steels,
it should be mentioned both for typical civil applications
such as plastic injection dies?, as for applications in missiles.
One of the more strategical uses of the maraging steels,
happens in the form of sheet and thin-walled tubings, in
the construction of ultracentrifuges for uranium isotopic
enrichment®-. Two characteristics worth mentioning that
made a substantial contribution to the selection of maraging
steels in several applications are: the martensite allows good
workability and machinability, which facilitates attaining
various geometries after quenching and that the geometries
of'the end products change very little (dimensional stability)
during aging.

2. Acting Strengthening Mechanisms in
Maraging Steels

The high strength levels in the maraging steels have
been attained due to a synergistic combination of three
procedures: optimization of the chemical composition, the
right combination of precipitation heat treatment with the
hot plastic working of the austenite (ausforming), and/or
through the cold working of martensite (marforming) and

by avoiding phenomena such as the reversion of martensite
into austenite, the coarsening of the microstructure and the
unwanted precipitation of some intermetallic phases. In the
following, the three mentioned procedures will be discussed.

A careful observation of Table 1, wherein the chemical
compositions of the maraging steels are presented, reveals
the main ways followed by the researchers aiming at the
strength increase in this class of steels. The most relevant
hardening mechanism in the maraging steels is the hardening
due to the precipitation of fine particles, of intermetallic
compounds, coherent or semi-coherent with the martensitic
matrix (BCC), such as Ni,Mo, Ni,Ti and its variations
Ni,(Ti,Mo) and Ni,(Mo,Ti),as well as the Fe, Mo Laves phase
and its variants (Fe),(Mo,Ti) and (Fe,Co),Mo**'. The YS of
maraging steel after aging is approximately threefold that
after austenitizing and air cooling, i.e., immediately before
aging. In terms of hardness, the increase due to precipitation
is about 65 and 75% for the 250, 300, and 350 steels, and
even more substantial for the 400 and 450 steels. Hence, it is
not surprising that the primary strategy employed to increase
the strength in the maraging steels has been to increase the
volume fraction of precipitates that cause hardening, i.e.,
through the increase of the molybdenum and titanium contents
of the steel. Moreover, the addition of cobalt leverages the
hardening effect of the molybdenum, frequently called the
synergistic molybdenum-cobalt effect’?. Figure 4 clearly
shows the effect of cobalt on the precipitation kinetics and
the hardening level of a Fe-18Ni-5Mo alloy****. The presence
of cobalt accelerates both the decrease in resistivity to lower
values (Figure 4a) as the hardness increase to higher values
(Figure 4b). Such behavior can be explained by the higher

Table 1. Typical nominal chemical compositions of maraging steels (wt.%)* .

Element/type 200 250 300 350 400/450
Ni 18 18 18 18 13
Co 8.5 8.5 9.0 12.5 15.0
Mo 33 5.0 5.0 4.2 10.0
Ti 0.2 0.4 0.7 1.6 <0.2
Al 0.1 0.1 0.1 0.1 0.2
C <0.03 <0.03 <0.03 <0.03 0.02

Si+Mn <0.20 <0.20 <0.20 <0.20 <0.20
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Figure 4. Effect of the addition of 8% Cobalt on the variation of the electrical resistivity(a) and the Rockwell C hardness (b) in a Fe-

18%Ni-5%Mo alloy**=.
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volume fraction of precipitates with the rise of the cobalt
content in the alloy.

On the other side, for Fe-17/19%Ni alloys, the upper
limit for additions of molybdenum is about 5 wt.%.
To increase the molybdenum content even further and keep
the martensitic phase it is necessary to reduce the nickel
content®, according to Figure 5, which led to the development
of the Fe-13Ni-15Co-10Mo maraging steels (see Table 1).

Regarding Figure 5, it is relevant to mention that increasing
the addition of molybdenum requires higher homogenizing
temperatures after casting and higher solution annealing after
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—_ ”, 14 M quenched from 1250 °C
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Figure 5. Fe-Ni-Mo diagram bound by the different phases®.
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mechanical working. These temperatures are much higher,
in the range of 1000 and 1250 °C, if compared to the usual
austenitizing temperatures (840/850 °C) employed for the
traditional Fe-18%Ni maraging steels.

Another critical effect of cobalt on the maraging steels
is its plausible effect on decreasing the stacking fault energy
(SFE) of the austenite*. The decrease of the SFE hinders
the dislocation cross-slip, decreasing its mobility, making
difficult the formation of dislocation cells, and increasing
strength by work hardening. The increase resulting from the
average dislocation density fosters, even more, the sites for
the heterogeneous nucleation of precipitates. The effect of
cobalt has direct consequences on the hot working of the
austenite (ausforming) and indirect on the cold working
of the martensite (marforming) and the precipitation
hardening (maraging). In Figure 6, Hornbogen and Rittner'?,
presented schematically the different possibilities of thermal,
thermomechanical, and mechanical-thermal treatments for the
Fe-13Ni-15Co-10Mo family of maraging steels. According to
the authors'?, a YS over 3 GPa can be attained through high
reductions during hot rolling (ausforming) combined with
cold rolling (marforming) applied before aging (maraging).

During the processing of the ultra-high-strength maraging
steels, it occurs or may occur some undesired microstructural
modifications, which should be avoided. The main ones such
as abnormal grain growth during the thermal treatments of
homogenizing and solution annealing, particle coarsening
during aging, generally associated with the partial reversion
of martensite into austenite, and the unwanted precipitation of

MARAGING
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Figure 6. Time-temperature diagrams illustrating different treatments and their combinations. Horizontal lines with arrows indicate the
variable austenitizing (1200 °C) periods for intercritical annealing (700 °C) and aging (450-600 °C)'2.
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intermetallic phases, such as sigma (o), will be discussed in
the following, focused on the Fe-13Ni-15Co-10Mo type steels.

According to the work of Hagiwara and Kawabe®’,
during the processing of the Fe-13Ni-15Co-10Mo maraging
steels, after melting and casting under vacuum, ingots
(17.5 kg) have been homogenized at 1250 °C for 24 hours,
hot forged in the form of plates and air-cooled. Following
they have been solution annealed at 1250 °C for one hour
and air-cooled. The resulting average grain size was 850 um.
If by one side the processing cycle utilized, enabled that
practically all solute was in solid solution homogeneously
distributed, on the other side, the resulting grain size was a
problem to be solved. One of the alternatives for the grain
refinement is the repetitive thermal cycling martensite/
austenite. According to Nakazawa et al.*®, by adequately
selecting the maximum austenitization temperature, five
thermal cycles reduced the average grain size to lower
than 50 um. A second alternative is by hot rolling in the
austenitic region’”*°. For instance, starting from a 40 mm
thickness plate and applying four hot rolling passes (between
1200 and 900 °C), down to a final thickness of 9 mm, the
average grain size obtained was 20 pum. If for any reason
the processed material should be submitted to an additional
austenitizing heat treatment, it should be remembered that
the limit condition is 1000 °C — 1h, because the higher
temperatures and/or longer times induce unwanted grain
growth', In principle, the minimum austenitizing temperature
is defined by the A, (austenite finishing) temperature, i.e.,
by the temperature at which the austenite is completely
formed during the heating of the martensite. In the case
of DIN X2 NiCoMo 13 15 10 steel, the A, temperature is
around 830 °C'2. Therefore, it is reasonable to assume that
the austenitizing temperature of the steels should be selected
within the 850 to 1000°C temperature range.

Figure 7 presents the aging curves for Fe-13Ni-15Co-
10.1Mo-0.2Ti maraging steel, clearly showing the superiority
of the thermal treatment performed at 480 °C for 4h, attaining
a Vickers hardness over 800 HV, corresponding to 65 in the
Rockwell C (HRC) scale®.

Fukamachi et al.*' carried out a detailed identification
work using transmission electron microscopy and electron
diffraction of the precipitates that occur during the aging
of Fe-13.01Ni-15.30C0-9.83Mo-0.24Ti maraging steel in
three temperatures: 450; 500 and 550 °C. The aging curves
are shown in Figure 8. Only two types of precipitates have
been identified in the martensitic matrix: Ni,Mo and Fe,Mo
(see Table 2). Initially occurs the precipitation of Ni,Mo,
however at peak hardness, for the three temperatures analyzed,
Ni,Mo and Fe,Mo, were present. In a general manner,
one can affirm that the Fe,Mo Laves phase precipitated at
higher temperatures and/or longer times than the Ni,Mo
compound?#!. At peak hardness, the average precipitate
size was about 5 nm*'.

Menzel and Klaar® presented quantitative results of the
volume fraction of reverted austenite using X-ray diffraction
as a function of temperature. After two hours of exposure at
500 °C, no martensite to austenite reversion could be detected
using X-ray diffraction, however at 550 °C already some
evidence of the reversion has been observed, and at 600 °C
about 15% austenite has been detected. On the one hand, the

formation of reverted austenite is associated with a decrease
in strength and an increase in fracture toughness. On the other
hand, the formation of coarse particles of the intermetallic
particles 6-Fe Mo and p-Fe Mo, (see Table 2), detected by
Drapier et al.*’, apart from depleting molybdenum from the
martensite*?, may incur in toughness loss.

Despite some noteworthy research works, using several
complementary techniques to characterize the microstructure
that has been done more recently®*, the precipitation in
maraging steels of the Fe-13Ni-15Co-10Mo-Ti type, is still
not completely clarified.

It must be pointed out that the maraging steels also
present a great potential for improvement and the possibility
of attaining strength levels well over the YS of 2500 MPa.
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Figure 7. Vickers hardness variation as a function of aging time (in h.)
for several temperatures for the Fe-13Ni-15Co-10.1 Mo-0.2Ti steel®.
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Table 2. Main intermetallic compounds that may occur in the Fe-13Ni-15Co-10Mo steel?3#42,

Phase Approx. composition Crystal structure Spacial group Lattice parameter (nm)

a=0.506

Ni,Mo (Ni, Fe),(Mo) Orthorhombic Pmmm b=0.422
c=0.445

a=0.473

Fe,Mo () (Fe,Co),(Mo) Hexagonal P6,/mme c= 0772
Sigma (o) Fe-Mo Tetragonal P42/mnm a_=0.92
c=0.48

a=0.475%

Mu (p) (Fe,Co),Mo Rhombohedral R-3m c=2.566%

* In hexagonal indexation notation

Table 3. Chemical composition (wt.%) of five experimental alloys and the Vickers hardness (HV 0.3) after solution annealing (850 °C — 1 h/air)

and aging (480 °C — 5 h/H,0).

Alloy A B C D E
Ni 12.61 14.11 13.08 13.40 14.06
Co 14.49 14.27 15.35 14.96 15.21
Mo 11.12 11.40 11.30 7.51 15.02
Ti 0.060 0.400 0.88 0.250 0.240
Al <0.01 0.01 0.05 0.06 0.04
C 0.021 0.014 0.024 0.023 0.021
Si 0.190 0.060 0.080 0.150 0.060
Mn 0.220 0.030 0.050 0.160 0.040
HV (Solution annealed) 391+5 396+9 407 £ 4 335+2 437+3
HV (Aged) 805 +4 769 £ 16 806 +3 689+ 6 727+ 10

Table 3 shows five experimental chemical compositions,
along with the hardness values in the solution annealed
and aged condition.

Alloys A, B, C, and D presented a fully martensitic
microstructure after solution annealing at 850 °C and air
cooling, while the alloy E presented a significant amount
of austenite. Upon Aging at 480 °C for 5 h, alloys A, B, and
C presented higher hardness value following values that
have been forecast in Figures 7 and 8. The lower value of
alloy E, as compared to the alloys A, B, and C, is due to the
presence of austenite in alloy E and also to several larger
particles, molybdenum rich, not being completely dissolved
during solution annealing, reducing the precipitate volume
fraction in the form of fine particles during subsequent aging.
The coarse undissolved particles during solution annealing
may also explain the higher hardness of the alloy E in the
solution annealed condition.

It was essential to mention that already in 1963; it has
been possible to evaluate with reasonable precision the YS of
the 13Ni-15Co-10Mo-0.2Ti steel with the help of Equation 1,
given below®. Finding the Y'S of approximately 3110 MPa.

YS (MPa) = 104 + 63 (%Co) + 195 (%Mo) + 552 (%Ti) (1)

Another aspect of being mentioned is that Equation 1 does
not contemplate the Ni content (at that time all commercial
maraging steels had about 18% Ni) and considers the elements
cobalt, molybdenum, and titanium, main contributors to the
strength increase.

3. The Challenge of the Toughness Loss with
the Strength Increase

Toughness (and ductility) decrease of steels with the
increase of hardness (and of tensile strength) is a sort of
“practical rule” well known by metallurgists for millennia.
Figure 9 portrays this behavior for several maraging steel
types. One alternative possibility is to sacrifice part of its
strength in favor of toughness increase, through microstructural
modifications. In the case of carbon steels, this is typically
obtained through tempering applied after quenching heat
treatments. In the case of maraging steels, a similar procedure
may be adopted. Selecting the aging time and/or temperature
that cause some precipitate coarsening, by overaging, with
the consequent strength decrease and toughness increase,
a fair compromise between these two properties may be
attained. In the case of the ultra-high-strength X2 NiCoMo
13 15 10 steel, success chances are increased. An alternative
and the complementary path is to optimize de molybdenum
content in the Fe-13Ni-15Co matrix, in the range of 7.5 to
15% Mo.

At this point, it is crucial to raise the following question:
is there a minimum level of acceptable toughness for a
structural material? The plane strain fracture toughness (K, )
measures the resistance to crack and fracture propagation.
Equation 2, given below', relates the K value of a material
with the critical stress (o) for the crack propagation and
its maximum length (a_ ).
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With the help of Equation 2, it is possible to evaluate
K, for given critical stress (c_,) and a maximum acceptable
crack length (a_ ). Criteria to establish the value for the full
proper crack length may be the minimum size detectable by
non-destructive tests, such as radiography and ultrasonography.
Using such criteria, for a crack length of just 0.1 mm at a
stress of 3000 MPa, the calculated value of Klc is 53 MPa.
m'2, We may conclude that to obtain maraging steels with an
ultra-high-strength and acceptable toughness is not a trivial task.

4. Resistance to Oxidation and Corrosion

In several applications, metallic materials are subject to
some type of ambient degradation being external or superficial,
i.e., that starts at the surface, such as oxidation, cavitation, or
abrasive wear. In a broad sense, in the oxidative processes,
the metallic atoms give up some electrons, as it occurs in
the oxidation and several types of corrosion. The emphasis
of this item will be oxidation at high temperatures when
the metallic materials react with oxygen, air, or water in
the gaseous phase.

One may affirm that pure iron and low alloy steels,
which in general present a maximum of 2 wt.% solute, in
comparison with most metals and alloys, have good oxidation
and corrosion resistance. For instance, low alloy steel has
good oxidation resistance in the air (10 mg/cm? after 1000 h
exposition) up to about 550 °C, while austenitic stainless
steels of the 18%Cr-8%Ni type present the same oxidation
rate up to 850 °C*47.

Maraging steels are exposed to high temperatures during
the several stages of its processing, such as during the
homogenizing heat treatment after casting (1200-1250 °C),
during solution annealing and austenitization (850-1100 °C)
before quenching, and subsequent aging (400-500 °C).
Figure 10 illustrates the oxide thickness variation with the
exposure time in the air for the 300 to 600 °C temperature
range*®. Two types of behavior, both protective, are shown:
between 300 and 480 °C the oxide layer growth is logarithmic,
and between 500 and 600 °C is parabolic. The logarithmic
behavior is typical of very protective oxides with a thickness
smaller than 100 to 200 nm and a relatively small electric
conductivity, i.e., with low charge mobility. Oxide films in
iron, nickel, and aluminum pure metals follow the logarithmic
growth at low temperatures®. The parabolic behavior is
common to most metals and occurs in a temperature range in
which the integrity of the film oxide is preserved, presenting
adherence and is devoid of cracks.

The work of Greyling et al.*%, carried out with Auger
Electron Spectroscopy (AES), in conjunction with sputtering
using argon ions (Argon lon Sputtering; AIS), has performed
a systematic study of the chemical composition of the
oxide film, as shown in Figure 114, Such a combination of
techniques (AES/AIS) allows obtaining the variation of the
chemical composition of the oxide film as a function of the
distance. In Figure 11, three regions (A, B, and C), can be
observed. In the most outer region (A), the concentration
profile indicates the existence of a mixture of oxides
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CoO/a-Fe,0O,, while in the intermediate region (B) occurs
the predominance of the a-Fe,O,. Near to the oxide/metal
interface(C) occurs a mixture of spinels, i.e., a mix of oxides
with the general formula (X)(Y),0,, where X represents the
cations that occupy the tetrahedral positions and Y the cations
that occupy the octahedral positions of the cubic structure
(or tetragonal), formed by the oxygen anions. X and Y may
be ions of the same atom as is the case of magnetite Fe,O,,
however, presenting diverse valences™.

Albuquerque Vicente et al.> investigated the oxidation
of maraging steels shown in Table 3 after exposure for 5 h
at a typical homogenizing temperature (1250 °C) for these
steels with a high molybdenum content. Results show a good
correlation between the increase in the molybdenum content
with the oxidation resistance. X-ray diffraction analysis
revealed that the principal oxide was Fe,O,; however, more
detailed studies related to the modification of the film oxide
along the thickness have not been made. Figure 12 shows a
micrography of alloy A of Table 3, after exposing it in air.

In the micrography of Figure 12, several different
regions may be observed. Initially, with EDS analysis of
the non-oxidized internal region, only five elements have
been detected with the composition (wt.%): Fe = 62.8%;
Co=15.7%; Ni=12.4%; Mo = 8.9%; Si=0.2%. Comparing
these values with those presented in Table 3, we may conclude
that the agreement is reasonable.

Following, still with the EDS, the film or the most external
layer with a homogeneous grey color, the composition obtained
was (wt.%): Fe = 63%; O = 28.2%; Co =2.9%; C =3.1%;
Na = 1.7%; Mo = 0.4%; Si = 0.3%; Ca = 0.3%. Carbon,
sodium, and calcium concentrations may be considered as
impurities. The conclusion is that the external film, with a grey
color, is a practically pure iron oxide with a stoichiometry
between Fe O, or Fe,O,, given that the EDS technique
does not have enough accuracy to allow the differentiation
between these two oxides. Right under the grey-colored film
of oxide a region with a thickness of little over 10 pm both
Fe,O, or Fe,O, may be observed, containing two phases:
a light grey and another white and continuous. The white
layer had the composition (wt.%): Fe =40.4%; Co =28.2%;
Ni = 26.4%; Mo = 5.1%. The light gray composition was
(Wt.%): Fe = 31%; Mo =29.8%; O = 17.2%; Co = 11.4%;
Ni = 9.6%; Si = 0.3%; Mn = 0.6%. This analysis strongly
suggests that the layer is composed of a (light grey) oxide
dispersed in a (white) metallic matrix. The chemical
composition of the white continuous layer suggests that it
had FCC structure (austenite), that is, oxidation of maraging
steels induces the formation of austenite.

Even though maraging steels present a moderate oxidation
resistance, for some applications in aggressive environments,
such as uranium hexafluoride, the formation of a protective
film can avoid the corrosive attack on maraging steels,
Pfistermeister et al.! suggested a process in which the steel
surface is exposed to overheated water vapor, between 450 e
520 °C for 1 to 3 h duration, when the protective Fe,O, film
is formed.

The patent®! mentions that the process can be used for other
steels, but has been developed aiming at the maraging steels
with a chemical composition range of (wt.%): Ni = 10-26;
Co=6-18;Mo=2-12¢e Ti=0.5-2.0. Rezek et al.*> characterized
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Figure 12. Transverse section of the oxidized plate during the
thermal treatments of solution annealing and aging in the air of
alloy A, observed in the SEM.

the crystalline structure (using X-ray diffraction) and the
chemical composition of the oxide film (using AES/AIS
and ESCA) that forms on the surface of maraging 250 steel
exposed to superheated water vapor at 485 °C for 3 hours.
The X-ray diffractions showed the presence of an internal
layer of austenite, followed by a magnetite (Fe,0,) layer
and a larger amount of hematite (Fe,0,).

In general, maraging steels present a significantly
higher corrosion resistance than low alloy steels®*. For some
applications, the corrosion resistance is an essential parameter
in the material selection. In general, maraging steels present
a corrosion resistance slightly superior to the HSLA (High
Strength Low Alloy steels), however in salty solutions and
acids maraging steels are well superior®. In general, maraging
steels in maritime and industrial atmospheres present a
corrosion rate of half of those offered by low alloy steels.
Generally, corrosion resistance of non-aged maraging steels
is superior if compared to the aged condition>**,

For some applications, abrasive wear resistance offered
by maraging steels is insufficient, and in these cases, ionic
nitriding surface hardening is an interesting alternative®-®.
One of the advantages of ionic nitriding is that it can be
performed simultaneously with aging at temperatures under
500 °C, avoiding the temperature range where overaging of
this steel occurs. Several studies have shown that the surface
hardening coming from that thermochemical treatment is
due to the formation of phases such as Fe N, Fe N ¢ Fe,N,
which induce an increase in the wear resistance and surface
corrosion resistance®*’. The usage of ionic nitriding for
maraging steels has been promising in acrospace applications*®.

5. Future Perspectives

It is reasonable to affirm that maraging steels, within the
steel universe, are expensive and rare materials. Maraging
steel production can be measured as being on the scale of
thousandths of world steel production. Its price is higher
than that of other high alloyed steels containing more than
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20 wt.% alloying elements, such as austenitic stainless® and
duplex steels®.

Fabrication of maraging steels requires raw materials and
processes that are special. With regards to the raw materials,
the most restrictive requirement is its low carbon content,
associated with the low phosphor and sulfur specified for
the end product. Although they have available raw materials
in the market, their cost is higher than those used in the
production of standard steels. Concerning their fabrication
processes, the first casting of maraging steels is generally
carried out by Vacuum Induction Melting (VIM), followed
by Vacuum Arc Remelting (VAR) and eventually followed
by Electro-Slag Remelting (ESR). These are unique foundry
and casting processes, i.e., different from those used in the
fabrication processes for standard steels®’. Summarizing,
maraging charges are associated with smaller quantities,
using more expensive technologies, nevertheless available,
but still demanding technological improvements.

Among the most recent processing routes, additive
manufacturing technology® allows the fast production of
complex geometry products, in small quantities at a smaller
unit price. Apart from reducing costs, associated with
post-production, it has to be considered that the end product is
of the “near-net-shape” type, starting from a virtual model®.
Additive manufacturing has been applied to maraging steels
with exciting and promising results®*%. Figure 13 shows a
typical microstructure of a maraging 300 steel processed by
additive manufacturing using selective laser melting (SLM),
wherein the fine microstructure can be observed, apart from
the low level of defects, such as few pores®’.

Figure 13a presents the top view of a manufactured
structure where it is possible to observe the different directions
in the cast material. Figure 13b shows the side view of the
structure, wherein the boundaries of the produced seams
(apart from the martensitic structure), revealed by etching
of the internal part of the seams.

Still regarding the price, maraging steels present in their
a chemical composition between 30 and 40% (wt.%) (see
Table 1) alloying elements relatively expensive, mainly
nickel, cobalt, and molybdenum. Furthermore, the levels
of carbon (less than 0.03 wt.%), sulfur, and phosphor (less
than 0.01 wt.%) must be kept at a residual level, as low
as possible. The unusual melting and remelting processes
employed in the processing of maraging steels mentioned
previously, apart from being expensive, are not used on the
large-scale production, such as continuous casting used in
other classes of steels. The large quantity of alloying elements
in the maraging steels also requires high temperatures and
long homogenizing times, followed by mechanical working
procedures.

Despite the high cost, maraging steels are practically
indispensable in various special applications including the
strategical aeronautical, aerospace, nuclear, and military
industries. For instance, in the uranium isotopic enrichment
by centrifuges, the strength increase of the maraging steels
allows increasing the maximum peripheral speed of the
revolving components, which in turn, increase the isotopic
separation performance; a 10% increase in peripheral speed
results in 46% increase in separation performance®. Another
possible and promising application is the use in flywheels

(b)

Figure 13. Micrography obtained by optical micrography of the
maraging 300 steel produced by additive manufacturing®’: a) top
view, etched with nital 2%, b) side view, after two etchings: nital
2% and automatic polishing with the solution: 10 mL colloidal silica
+ 2 mL distilled water + 0.2 g ammonium persulfate.

to accumulate rotational mechanical energy, whose capacity
depends on the values of the strength/density ratio. These
devices have applications in hybrid vehicles due to its
long-life cycle if compared to the lithium-ion batteries®*.

In short, after 60 years of its existence, there are still
several knowledge gaps related to maraging steels. In the
area of mechanical working’"!, the lack of results on hot
working processing maps in the 900 to 1300 °C temperature
range is notorious for ultra-high-strength maraging steels
400 and 450. There are few studies on oxidation, especially
on the role of molybdenum. There is a lack also of a
larger number of corrosion studies in liquid and gaseous
environments. In the area of surface treatments, there are
little comparative studies between several types of maraging
steels, involving different nitriding processes. The new and
more prominent experimental techniques, associated with
mathematical modeling and artificial intelligence using
neural networks and machine learning apart from other
optimization methodologies, may contribute substantially
to fill the mentioned gaps. This complementary knowledge
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positively should contribute to the broadening of the use of
this class of steels.

Finally, it should be pointed out that the Fe-13Ni-15Co-10 Mo-Ti
maraging steel family still presents an excellent potential
for improvement and to obtain strength levels with YS over
3000 MPa. For instance, the molybdenum and titanium
levels in this class of steels can be further optimized. Despite
maybe seem contradictory at first glance, the development
of maraging steels with a YS of 3 GPa after aging may
allow some sacrifice to its strength in favor of toughness
through overaging and partial and controlled reversion of
the martensite into austenite.
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