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Abstract  Maraging steels are high-strength steels combined with good toughness. 
They are used particularly in aerospace and tooling applications. Maraging refers to 
the ageing of martensite, a hard microstructure commonly found in steels. Research 
on the kinetics of precipitate formation and austenite reversion in maraging steels 
has received great attention due to their importance to steel properties. Judging from 
the literature in recent years, research into maraging steels has been very active, 
mainly extending to new types of steels, for new applications beyond the traditional 
strength requirements. This chapter provides an in-depth overview of the literature 
in this area. It includes a state-of-the-art review of ultra high-strength steels, and 
discussions on types of maraging steels, and microstructure and precipitates in 
maraging steels.

6.1 � State-of-the-Art of Ultra High-Strength Steels 

Steels combining properties of ultrahigh-strength (UHS) and good ductility are of 
great importance in automotive, aerospace, nuclear, gear, bearing and other indus-
tries. They are the future key materials for lightweight engineering design strat-
egies and corresponding CO2 savings. Driven by the development of metallurgy 
and in response to commercial demands, both academia and industry have made 
great efforts to develop a large variety of steel grades and processing technology, 
and hence achieved continuous improvement for some decades.

Conventionally produced bulk high-strength steels are known as high-strength 
low-alloy (HSLA) or microalloyed steels (Chap. 2). This family of steels usually 
has a strength not exceeding 700–800  MPa and a microstructure of fine-grained 
ferrite that has been strengthened with carbon and/or nitrogen precipitates of tita-
nium, vanadium or niobium. These steels can be manufactured under relatively 
well-established processing conditions and have been widely applied for weight 
reduction in automotive and general construction applications. In order to further 
enhance the combination of strength and ductility, more alloying elements have 
been added and more sophisticated alloy systems have been designed employ-
ing various mechanisms including dual phase (DP) steels, transformation induced 
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plasticity (TRIP) steels, twinning induced plasticity (TWIP) steels and maraging 
steels. Typical strength-ductility profiles of those steel families are shown in 
Fig. 6.1. Dual phase steels have a microstructure of mainly soft ferrite, with islands 
of hard martensite dispersed throughout. The strength level of these grades is 
related to the amount of martensite in the microstructure along with its distribu-
tion and morphology. TRIP steels are multiphase grades that involve special alloy-
ing and heat treatments to stabilise some amount of austenite at room temperature 
embedded in a primary ferritic matrix. During plastic deformation and straining, 
the retained austenite progressively transforms to martensite with increasing strain. 
This leads to a volume and shape change within the microstructure, which accom-
modates the strain and increases the ductility. Unlike DP and TRIP steels, TWIP 
steels generally have a fully austenitic microstructure at room temperature. The 
formation of mechanical twins during deformation generates high strain hardening, 
preventing necking and thus maintaining a very high strain capacity and achieving 
a better combination of strength and ductility. Another important category of UHS 
steels  is maraging steels, in which martensite is formed upon quenching following 
solution treatment and subsequently further strengthened by the formation of vari-
ous precipitates such as Cu clusters, Ni3Ti, NiAl and other types of intermetallics 
at a moderate temperature of about 500 °C. The superior properties of maraging 
steels, such as ultra high strength, high ductility, good hardenability, good welda-
bility, simple heat treatment without deformation steps, sometimes in combination 
with good corrosion resistance, have led to widespread application of maraging 
steels for demanding applications. The composition and mechanical properties of 
some successful maraging steel grades are summarised in Table 6.1. All steels in 
this table except 300 M, Aermet 100 and Low Ni are stainless grades.

In applications of UHS steels, such as in the automotive, aerospace and nuclear 
industries, the materials are usually subjected to extreme mechanical loads 
and harsh environmental conditions in which corrosion is an important issue. 
However, the most commonly used steels for these applications, such as maraging  

Fig. 6.1   The strength-
ductility profile of various 
steels. The symbols indicate 
the properties of existing 
high-end maraging steel 
grades
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300  M for aircraft landing gear, and DP/TRIP in automotive industry, are non-
stainless steel grades. Consequently, a specialised and costly coating or plat-
ing process has to be employed for corrosion protection. From manufacturing, 
environmental and reliability considerations, a stainless steel with equivalent 
mechanical properties but not requiring a corrosion protective coating would be an 
attractive alternative. Among existing stainless steels, the majority are austenitic, 
ferritic or duplex (austenite and ferrite) grades. Therefore, much effort for devel-
oping ultra high-strength stainless steels have been undertaken, employing mar-
tensite as the matrix and strengthening further by various precipitates, while a high 
Cr content is imposed to ensure corrosion resistance. Some successful grades of 
these maraging stainless steels are shown in Table 6.1. Notwithstanding the efforts 
to develop high-strength and high ductility stainless steels, Table  6.1 shows that 
few stainless steels meet the properties of their non-stainless counterparts in terms 
of strength and ductility, because of the nature of ferrite and austenite.

6.2 � Types of Maraging Steels 

Precipitation hardening is one of the most effective mechanisms for increasing 
the strength of metallic high performance materials. The chemical and crystallo-
graphic relations of particles and matrix determine the precipitation behaviour and 
consequently the material’s properties. Precipitation hardening was discovered, a 
century ago, in aluminium alloys. The principle of particle strengthening is hinder-
ing of dislocation movement by the precipitation of nanometre-sized particles. In 
steels, particle strengthening can either be caused by the precipitation of carbides, 
e.g. in so-called secondary hardening low-alloy steels, or intermetallic phases, 
e.g. in so-called maraging steels. Secondary hardening steels are also the major 
steel grade for today’s tool steels. Generally, secondary hardening steels exhibit 
a complex microstructure depending on alloy composition and the heat treatment 
applied. The heat treatment consists of hardening, which denotes austenitising 
in the gamma phase field followed by quenching, and tempering, usually several 
times. The precipitation of the nanometre-sized carbides has been the focus of 
numerous studies, and is still a subject of research activities.

The second group of particle-strengthened steels, the maraging steels, was 
developed over the past 70 years. The term ‘maraging’ refers to the ageing of mar-
tensite, but specifically a martensite that is easily obtained at low cooling rates due 
to a high Ni content in the steel. In addition, these steel grades have very low car-
bon content and as implied above can belong to the wider group of ultra high-
strength steels. Their development started in the 1940s in the USA, when it was 
noticed that magnetic Fe–Ni-Ti–Al alloys could be hardened significantly by heat 
treatment. After an initial development period and the addition of Co and Mo, the 
first applications of maraging steels were set out in the 1960s. Then, the primary 
goal was to develop high-strength steels for submarine hulls, but maraging steels 
proved unsuitable for these applications. However, besides a market developed 



145

for specialised aerospace and military applications of these first maraging grades, 
applications for tools and dies became common. Due to the sharp drop in avail-
ability and rising cost of Co in the late 1970s, alternatives to cobalt containing 
maraging steels were in demand. Thus, much effort was made on developing 
Co-free maraging steels with appropriate mechanical properties (Sha and Guo 
2009). This resulted in a variety of steels with different precipitating elements, e.g. 
Al, Ti and Cu, and additionally, alloys with lowered Ni contents. One example of 
these developments is the PH13-8Mo types (Sha and Guo 2009). These cobalt-free 
alloys generally have inferior properties to the cobalt containing grades, but their 
properties appear satisfactory for their designed applications, and the absence of 
cobalt is a distinctive cost advantage.

Intermetallic phases have many specific features as they differ from carbides 
and thus materials that are strengthened by intermetallic precipitates are of great 
interest for industrial applications. Specifically, they differ from carbides in the 
following ways:

(1)	 Intermetallic phases are formed during primary crystallisation without eutec-
tic transformation, because of which they distribute much more evenly in 
the cast steel and consequently also in the deformed steel than carbides do. 
Because of the primary crystallisation we already have a homogeneous dis-
tribution in the as-cast state, which is not the case for eutectic solidification. 
When such a material is deformed the distribution is still homogeneous. In 
contrast, eutectic carbides, which actually form a network, become more or 
less homogeneously distributed by deformation (forging or rolling) which 
is always worse. Intermetallic particle size is also smaller, up to 2–3 μm in 
diameter. Because of this, intermetallic phases have a less detrimental effect 
on the strength and ductility and on the variations of these properties depend-
ing upon the degree of deformation.

(2)	 Intermetallic phases  precipitate from supersaturated solution during ageing to 
result in precipitation hardening. The composition of these precipitated phases 
does not differ from that of the phases mentioned above, i.e. appearing dur-
ing solidification and present in hot rolling, etc. Precipitation of intermetallic 
phases is characterised by the following essential features.

	 (i)  The dispersion of intermetallic particles being formed is significant: 
at the maximum hardness, their size is less than 5–20 nm and the distances 
between particles around 100 nm, which is lower than the respective values 
for carbides.

	 (ii)  The distribution of precipitated particles is relatively uniform, since they 
form in low-carbon or carbon-free martensite (or austenite), especially when 
Ni is present in the solution. For that reason, the embrittlement effect of the 
precipitation hardening, even with fine particles, is weaker than that of car-
bides. However, the embrittling effect of intermetallics does increase with 
increasing volume fraction.

	 (iii)  The strengthening effect of precipitated intermetallics is very high, 
greater than with carbides. It is a function of the structure of the matrix, 

6.2  Types of Maraging Steels
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being greater for a martensitic matrix when compared to an austenitic one. 
Precipitation hardening increases the hardness by 20–40 HRC for carbon-free 
martensite (against 3–10 HRC with carbides) and by ~30 HRC for austenite. 
This is due to the more refined dispersion of intermetallic phases precipitated, 
with higher volume fractions, compared with carbides.

(3)	 The temperatures of precipitation hardening which produce the maximum rise 
in hardness depend on the composition of the metallic matrix and the type 
of precipitated intermetallic compounds. For martensitic steels, they are lower 
when intermetallic compounds (Fe,Ni,Co)7(Mo,W)6 and (Fe,Cr)3(Ti,Al) 
precipitate, around 500–550  °C, and higher for the intermetallic phase 
(Fe,Co)7(W,Mo)6, around 580–650  °C. In austenitic alloys, these processes 
are shifted towards still higher temperatures, 750–800 °C and higher. For that 
reason, steels based on carbon-free martensite can acquire a very high hard-
ness, up to 68–69 HRC, and an increased thermal stability, up to 600–720 °C, 
depending on the type of intermetallic phase. Austenitic steels have a still 
higher thermal stability, but a lower hardness.

(4)	 During precipitation hardening of nickel-containing steels, their hardness 
rises intensively during the first 10–15  min, but then attains its maximum 
only after a long holding, 5–10 h, instead of 30–40 min required in carbide 
strengthening.

(5)	 Coagulation of precipitated phases and, therefore, reduction in hardness, 
occur at correspondingly higher temperatures of ageing.

Generally, there are different ways as to how steel grades can be classified, e.g. 
according to their composition, or strength levels. Such a classification is also pos-
sible for maraging steels. A classification according to the main alloy system gives 
the best overview for maraging steels. The Fe–Ni-Mo system is briefly described 
in the following.

The first alloys, e.g. Fe-28Ni-4Ti-4Al identified and further work with the 
Co-Mo hardening system led to the development of the well-known maraging steels 
based on the Fe–Ni-Mo system, namely the well-known 18Ni (200), 18Ni (250) 
and 18Ni (300) alloys (Table 6.2). The numbers in parenthesis refer to the nomi-
nal yield strengths in ksi (pound-force per square inch, lbf/in2) in the aged condi-
tion. Titanium was also added to this group of alloys as a supplemental hardener. 
In these alloys, hardening is produced by the combination of Co and Mo as Co 

Table 6.2   Nominal compositions (wt%) and the respective yield strength (YS) of commercial 
maraging steels (Inco)

Alloy designation Ni Mo Co Ti Al YS 
(MPa)

18Ni (200) 18 3.3   8.5 0.2 0.1 1400
18Ni (250) 18 5.0   8.5 0.4 0.1 1700
18Ni (300) 18 5.0   9.0 0.7 0.1 2000
18Ni (350) 18 4.2 12.5 1.6 0.1 2400
18Ni (cast) 17 4.6 10.0 0.3 0.1 1650
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lowers the solubility of Mo and thus increases the amount of Mo-rich precipitates 
that form during ageing. A number of studies have been conducted on the precipita-
tion  behaviour of these maraging steels. Overall, the following precipitation reac-
tions take place during ageing. Strengthening in the underaged conditions is caused 
by Mo-rich zones. With further ageing, the metastable orthorhombic Ni3Mo forms 
which transforms into Fe2(Mo,Ti) hexagonal Laves phase after longer ageing. The 
formation of Ni3Mo is accelerated by Co. However, it is suggested that higher Ti 
contents (alloy 350) lead to the formation of Ni3Ti instead of Ni3Mo.

As mentioned above, around 1978–80, development of cobalt-free grades was 
promoted (Sha and Guo 2009). Considering that the goal was the development of 
high fracture toughness in cobalt-free maraging steel, various elements that might 
successfully substitute for Co were considered. An analysis of a number of vari-
ants revealed that the alloy should contain 3 % Mo and 1.4 % Ti to achieve the 
desired yield strength of 250 ksi (1700 MPa) with good transverse ductility. Ni3Ti 
was found to be the major precipitation-hardening phase in cobalt-free maraging 
steels, whereas the achieved yield strength rises with increased Mo and Ti con-
tents (up to 2400  MPa). The mechanism of strengthening and toughening is the 
same in low and high Mo and Ti containing alloys. However, the high Mo and Ti 
alloys additionally contain a large number of coarse particles of type Fe2Ti and 
Fe2(Mo,Ti) embedded in the martensite lath boundary or within the lath. Those 
particles produce a detrimental effect on fracture toughness and ductility.

Other maraging systems include broadly Fe–Ni-Cr and Fe–Ni-Mn, which will 
be discussed in the following sections.

6.3 � Microstructure and Precipitates in Maraging Steels 

6.3.1 � PH13-8Mo Maraging Steels

The microstructural constituents that were observed in PH13-8Mo maraging steels 
include the following:

(1)	 δ ferrite
(2)	 cubic martensite
(3)	 retained and reverted austenite
(4)	 nanometre-sized precipitates of intermetallic type
(5)	 Laves phase.

A phase that is sometimes present in PH13-8Mo maraging steels is δ ferrite, 
the high temperature bcc ferrite. The presence of this phase is associated with the 
alloy composition and production route. Although the solidification path of the 
PH13-8Mo steel grades is known to be fully ferritic via the δ phase, the transfor-
mation of δ → γ strongly depends on cooling rate. Thus, large cast sizes and an 
appropriate composition can provoke the incomplete transformation of δ → γ.

6.2  Types of Maraging Steels
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PH13-8Mo maraging steels receive their excellent combination of strength and 
ductility by a heat treatment which consists of a first-step solution anneal in the 
temperature range 900–1000 °C and subsequent air-cooling to room temperature. 
When quenched from the austenitic single-phase field after solution annealing, the 
austenite transforms into a soft, but heavily dislocated Ni-martensite, exhibiting 
a cubic structure. The martensite in this steel grade is of lath type and it forms 
a packet that consists of many similar-sized laths arranged parallel to each other. 
Each prior austenite grain includes several lath packets.

Depending mainly upon the Ni content, but also on all other alloying elements, 
a certain amount of austenite  can be retained after quenching to room tempera-
ture. Besides this retained austenite, which is the result of a martensite finish 
temperature below room temperature, a so-called ‘reverted austenite’ can also be 
present in maraging steels. The occurrence of this reverted austenite also depends 
upon chemical composition, but additionally, the applied ageing temperature and 
time play decisive roles. The reverted austenite emerges from martensite during 
ageing at temperatures below the global α → γ transformation temperature. This 
is the temperature where the entire material transforms, which is significantly 
higher than the local temperature because of Ni-enrichment.

Ageing, typically carried out in a temperature range of 400–600 °C, leads to the 
precipitation of the strengthening nanometre-sized intermetallic particles.

Laves phases formed at higher ageing temperatures have also been observed in 
this steel grade.

However, the nanometre-sized precipitates and the austenite phase fraction have 
the strongest effect on the mechanical properties of maraging steels and, thus, a 
more detailed survey of the literature for these aspects is given in the following.

6.3.2 � Precipitates

The precipitation  behaviour and strengthening mechanisms in cobalt-free marag-
ing steels have been extensively studied by employing a variety of characterisa-
tion techniques. It has been shown that maraging steels containing Ni and Al are 
strengthened by the formation of the ordered β′-NiAl phase with B2 (CsCl) super-
lattice structure (Sha and Guo 2009). This structure consists of two interpenetrating 
primitive cubic cells, where the Al atoms occupy the cube corners of the first sublat-
tice and the Ni atoms occupy the cube corners of the second sublattice. The lattice 
constant of the stoichiometric composition is 0.2887 nm. This is very close to the 
lattice constant for ferrite, which has a value of 0.28664 nm. Due to this fact, the 
NiAl precipitates are coherent with the matrix and even remain coherent after long 
ageing times. Precipitation takes place immediately after heating the material to the 
ageing temperature. Sha and Guo (2009) show Ni- and Al-rich clusters after just 
6 min of ageing at 593 °C and after 40 min of ageing at 510 °C. However, the com-
position of the precipitates, even after longer ageing times, is far from stoichiomet-
ric NiAl phase, the precipitates containing a significant amount of Fe. The shape of 
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the precipitates is a matter of debate in the literature. In general, the NiAl phase is 
believed to be of spherical shape, but some authors assume a change of morphology 
from spherical- to needle- and plate-shaped forms at longer ageing times. However, 
it is generally thought that their formation proceeds via solute-rich clusters within 
the martensitic matrix. Out of these nuclei, the coherent NiAl precipitates are 
formed and distributed uniformly within the matrix (Leitner et al. 2010).

In contrast, it has been reported that strengthening in Ti-containing marag-
ing steels is caused by the precipitation of the η-phase (Ni3(Ti,Al)) (Leitner 
et al. 2010). The η-phase exhibits a hexagonal lattice with a  =  0.255  nm and 
c = 0.42 nm. In the literature, some debate exists on the mechanism of formation of 
the η-phase. In most studies, heterogeneous nucleation on dislocations is proposed, 
with subsequent growth taking place via pipe diffusion (Dutta et al. 2001). Others 
advance the theory that formation of coherent zones on dislocations in the marten-
sitic matrix takes place first, acting as nucleation sites for the η precipitates (Leitner 
et al. 2010). There is also some discrepancy on the dominating strengthening 
mechanism in this kind of maraging steels. While the majority of studies attributed 
strengthening to the formation of Ni3Ti, others proposed an additional contribution 
from some B2-type ordering of Fe and Ni atoms in the matrix (Leitner et al. 2010).

A further type of precipitate phase, called G-phase, was found in Ti-containing 
maraging steels alloyed with Si. The G-phase exhibits the chemical composi-
tion Ti6Si7Ni16 and precipitates primarily on grain boundaries. Depending upon 
the chemical composition of the alloy, the G-phase (Ti6Si7Ni16) and the η-phase 
(Ni3Ti) can precipitate either simultaneously or separately. The shape of the Ni3Ti-
phase was thought to be rod-like, whereas the G-phase shows a spherical morphol-
ogy. Later studies revealed that both the spherical G-phase and the rod-shaped 
η-phase are formed independently out of an undefined precursor phase, which is 
responsible for strengthening up to peak hardness. Atom probe tomography (APT) 
was used to follow the precipitation sequence in an Si-free Fe–Cr–Ni–Al–Ti stain-
less steel during ageing at 525 °C (Schober et al. 2009). In that work, instead of 
splitting into G-phase (Ti6Si7Ni16) and η-phase (Ni3Ti), the formation of spheri-
cal NiAl particles and elongated Ni3(Ti,Al) particles out of an undefined precursor 
phase in the early stages was found.

A further age-hardener in maraging steels is copper. It is used in PH15–5 and 
PH17–4 alloys as a precipitating hardening element, but also in alloy systems 
such as 1RK91 (Sandvik in-house grade designation) and C455 (Custom455, a 
registered trademark of Carpenter Technology Corporation) (for compositions 
see Table 6.1) as nucleation site for the precipitation of the strengthening causing 
phase (Schnitzer et al. 2010a).

In the case of 1RK91, the precipitation sequence starts with the formation of 
an Ni, Ti and Al-rich phase nucleating on Cu-rich clusters (Schnitzer et al. 2010a). 
During further ageing, Ni3(Ti,Al) precipitates develop adjacent to Cu-rich precipi-
tates. The C455, which contains less Al and no Mo, forms clusters of Cu, Ti and 
Ni at the early stages, and they are thought to be a precursor phase of η-Ni3Ti 
(Schnitzer et al. 2010a). An extended ageing treatment then leads to the separation 
of Ni-rich (η-Ni3Ti) and Cu-rich precipitates. The effect of Cu on the precipitation 

6.3  Microstructure and Precipitates in Maraging Steels
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evolution in PH13-8Mo type maraging steel, which exhibits NiAl and η-phase pre-
cipitates, was recently investigated by Schnitzer et al. (2010a). This study revealed 
the formation of NiAl out of a Cu-containing precursor phase and the nucleation 
of η-phase on independent Cu clusters.

There exists almost a comprehensive picture of precipitation behaviour in 
PH13-8Mo type maraging steels. Only the influence of Cu on the formation of 
G-phase is missing.

Additionally to the strengthening precipitates, the formation of carbides has 
been observed in maraging, although the carbon content is generally very low 
in such steels. These carbides precipitate adjacent to or inside reverted austenite 
because of the higher carbon solubility in austenite. The carbides were found to be 
of type Cr23C6 and (Cr,Mo)2C.

6.4 � Reverted Austenite and Mechanical Properties 

6.4.1 � Reverted Austenite

In maraging steels, partial reversion from martensite to austenite can take place 
during ageing below the global α  →  γ temperature (Schober et al. 2009). The 
amount of reverted austenite present after ageing depends on the ageing tem-
perature as well as ageing time (Sha and Guo 2009). The formation of reverted 
austenite is reported to be the result of local Ni-enrichment, which arises during 
ageing. As Ni, one of the major alloying elements in maraging steels, is an austen-
ite stabilising element, the local transition temperature of martensite to austenite is 
lowered. In this area, the applied ageing temperature is, therefore, higher than the 
transition temperature from martensite to austenite. Due to this Ni enrichment, this 
austenite remains stable even when the material is cooled back to room tempera-
ture. This type of austenite has to be distinguished from retained austenite, which 
can also be present in maraging steels after cooling from the solution annealing 
temperature. Depending on the alloy composition and the applied heat treatment, 
different morphologies of reverted austenite have been observed in maraging 
steels, shown in Fig. 6.2. The reverted austenite morphologies are classified into 
three types: (i) matrix austenite, (ii) lath-like austenite and (iii) recrystallised aus-
tenite. Matrix austenite (Fig. 6.2a) grows either from retained austenite with the 
same orientation, or nucleates on prior austenite grain boundaries and then forms a 
single grain. Lath-like austenite (Fig. 6.2b) can develop within the martensite lath 
or grow along the lath boundaries of martensite. The growing direction of the aus-
tenite laths is parallel to the martensite lath resulting in a lamellar structure of aus-
tenite and martensite. The elongated shape is supposed to be caused by a growth 
impediment of the adjacent martensite laths. Recrystallised austenite (Fig.  6.2c) 
forms at higher ageing temperatures or longer ageing times, and is character-
ised by a very low density of defects and dislocations (Viswanathan et al. 2005). 
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In addition, a fourth morphology found in maraging steels, is Widmanstätten 
(Fig. 6.2d), only evidenced in high Ni-alloyed and Ti-containing maraging steels 
(Schnitzer et al. 2010b). The morphology of reverted austenite developed depends 
on the applied heating rate and on the ageing temperature (Schnitzer et al. 2010c).

Independently of morphology, the orientation relationship between austenite 
and martensite was found to be either of type Kurdujumov–Sachs, with (110)bcc//
(111)fcc and [111]bcc//[110]fcc, or Nishiyama-Wassermann with (110)bcc//(111)fcc 
and [100]bcc//[110]fcc (Schnitzer et al. 2010b).

An important finding for the understanding of the formation of reverted  aus-
tenite is the fact that the regions of reverted austenite are free of the precipitates 
causing strengthening. Only carbides precipitate inside the austenite or adjacent 
to it, due to the higher solubility for carbon in austenite compared to martensite.  

Fig. 6.2   Morphologies of reverted austenite in maraging steels a matrix austenite (Schnitzer et al. 
2010b), b lath-like austenite (A = austenite, M = martensite) (Schnitzer et al. 2010b), c recrystallised 
austenite (Viswanathan et al. 2005), d Widmanstätten austenite (Kim and Wayman 1990)

6.4  Reverted Austenite and Mechanical Properties
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The formation mechanism of reverted austenite in maraging steels is supposed 
to be a diffusion-controlled process. It is assumed that the formation of reverted 
austenite is connected to the dissolution of precipitates, resulting in a local enrich-
ment of austenite stabilising elements (Sha and Guo 2009). This was also reported 
for 18 % Ni steels, where the formation of reverted austenite was encouraged by 
the dissolution of Ni3(Mo,Ti) precipitates. The formation of reverted austenite 
can be accompanied by the precipitation of Fe2Mo. This leads to the assumption 
that the Ni of the dissolved Ni3(Mo,Ti) precipitates contributes to the formation 
of reverted austenite, while the released Mo is used to form Fe2Mo precipitates. 
Others exclude the theory that the formation of reverted austenite is related to 
the dissolution of precipitates. For example, Ni diffuses to dislocations and other 
defects, resulting in microsegregation of the austenite stabilising elements in local-
ised areas. Hsiao et al. (2002) reported that in Cu-containing maraging alloys, such 
as PH17-4, fine Cu precipitates act as nucleation sites for austenite formation since 
both copper and austenite exhibit the same crystallographic structure with similar 
lattice parameter. Kim and Wayman (1990) suggested that the formation of lath like 
austenite in high Ni-containing maraging alloys is shear dominated, but assisted 
by a diffusion-controlled process. Schnitzer et al. (2010b) investigated the forma-
tion of reverted austenite in PH13-8Mo type maraging steel. The interpretation of 
the experimental data was supported by thermodynamic and kinetic calculations. 
It was shown that the formation of NiAl precipitates and reverted austenite starts 
from the very beginning of ageing widely independent of each other, i.e. the forma-
tion of both, austenite and NiAl nuclei, is thermodynamically possible in the vir-
gin martensitic matrix. Thus, dissolution of precipitates is not necessarily the initial 
driving factor for the formation of reverted austenite. Consequently, a formation 
mechanism was proposed as follows: beginning from lath martensite with high dis-
location density after solution annealing, NiAl precipitates and reverted austenite 
nucleate independently. The NiAl precipitates are homogeneously distributed in 
the martensitic matrix and reverted austenite forms preferentially on prior austenite 
grain boundaries or on martensite lath boundaries. Growth of reverted austenite is 
related to dissolution of adjacent NiAl precipitates, whereas the reverted austenite 
incorporates Ni stemming from the dissolved precipitates. In contrast, the released 
Al content is transferred to the NiAl precipitates left in the matrix.

6.4.2 � Mechanical Properties

Maraging steels belong to the group of high-strength steels, i.e. tensile 
strength  >1000  MPa. The achieved strength values range from 1000  MPa up to 
3000  MPa. The stress–strain behaviour is characterised by a yield strength that 
is above 80  % of the ultimate tensile strength, i.e. the work hardening is small. 
The reason for this behaviour is proposed to be as follows. The coherent precipi-
tates introduce a friction stress acting on dislocations, which raises the level of the 
stress–strain curve without markedly altering the dislocation interactions leading 
to work hardening.
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The following microstructural features have an influence on the mechanical 
properties, in different ways/extents:

(1)	 Nanometre-sized precipitates
(2)	 Retained or reverted austenite
(3)	 Prior austenite grain size.

The required strength and toughness is reached after an ageing treatment, 
which conforms to the application (Sha and Guo 2009). Of course, the chemical 
composition, but also the applied ageing temperature and time influence types, 
size and volume fraction of precipitates as well as the amount of austenite and thus 
the mechanical properties. In maraging alloys, the main strengthening contribution 
stems from the precipitation of nanometre-scale precipitates. The high-strength of 
maraging steels, thereby, is because of dense and homogenously distributed pre-
cipitates in the martensitic matrix. Depending upon their size and coherency, they 
are either sheared or circumvented by dislocations.

Retained and reverted austenite also shows a strong influence on the mechani-
cal properties of maraging steels. Reverted austenite is free of precipitates 
and possesses a much lower yield strength compared to the martensitic matrix 
(Sha and Guo 2009). Reverted austenite influences  the mechanical properties. 
Viswanathan et al. (2005) observed a pronounced decrease of the yield strength 
with increasing amount of reverted austenite. Reverted austenite is supposed to 
increase the ductility and impact toughness. Therefore, for high toughness require-
ments, increased amounts of reverted austenite are beneficial and the material is 
subjected to higher ageing temperatures. On prolonged ageing, coarsening of pre-
cipitates results also in an increase of ductility but loss of strength. However, it 
was reported that the influence of austenite reversion is much more pronounced 
on softening than the influence of precipitate coarsening (Schnitzer et al. 2010b). 
In the literature, there are also investigations that report a detrimental effect of 
reverted austenite. Viswanathan et al. (2005) showed that the ductility is only 
increased in the early stages of ageing. Severe embrittlement was noticed in sam-
ples subjected to prolonged ageing. Reverted austenite in a Co-containing marag-
ing steel leads to deterioration in ductility at low temperatures as fracture occurs 
along the boundaries of the martensite packets. However, it is known that the aus-
tenite phase in maraging steels is not stable during deformation (Schnitzer et al. 
2010c), which results in transformation to martensite (so-called transformation 
induced plasticity, TRIP effect). This transformation behaviour also strongly influ-
ences the mechanical properties of maraging steels.

Normally, the amount of austenite is associated with the size of precipitates. 
Schnitzer et al. (2010c) performed a study on PH13-8 Mo-type maraging steel to 
judge the individual influence of precipitates and reverted austenite on mechani-
cal properties. Calculation revealed that approximately 40 % of the loss in yield 
strength during ageing could be attributed to the influence of higher amounts of 
reverted austenite. The remaining amount of the observed decrease in strength is 
due to coarsening of NiAl precipitates.

A further microstructure constituent in maraging steels, which may affect the 
mechanical properties, is the martensitic matrix and thus, the prior austenite grain 
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size. The grain size depends on the solution treatment temperature as well as time, 
whereas the martensite lath spacing in maraging steels is independent of the solu-
tion treatment temperature (Schnitzer et al. 2010c). The influence of the grain 
size on mechanical properties depends on the nucleation site of the precipitates. 
When precipitates nucleate homogenously in the martensitic matrix, no influence 
of grain size was observed (Schnitzer et al. 2009). In contrast, the relationship 
between yield strength and grain size follows the Hall–Petch equation after ageing 
when the precipitates nucleate on grain boundaries.

6.5 � Evolution of Precipitates and the Overall Process 

A research monograph on maraging steels (Sha and Guo 2009) has described recent 
theoretical research on the two main types of phase transformation in maraging 
steels, precipitation and austenite reversion. Before either of these transformations 
happens in these steels (during heating), there is a third transformation, which is 
the martensitic transformation (during cooling). Precipitation and austenite rever-
sion occur in this martensite matrix, the former generally desirable as long as it is 
not too complete and the latter usually undesirable. In simple terms, precipitation 
leads to hardening and austenite reversion leads to softening. Although martensi-
tic transformation is a prerequisite of the functioning of maraging steels, it is eas-
ily achievable and its details do not strongly determine the final steel properties, at 
least to a far lesser extent than precipitation and austenite reversion. For this reason, 
these sections will not consider the martensitic transformation in maraging steel.

Section 6.5.1 will give a brief discussion of the evolution of precipitates in 
maraging steels, with particular reference to its complexity in inter-particle spacing. 
This will be followed by the brief Sect. 6.5.2 on the overall transformation process.

6.5.1 � Calculation of Inter-Particle Spacing

When precipitation fraction increases, the particle size should not be ignored 
when calculating the inter-particle spacing L. Assuming that the precipitates are 
spherical, the relationship between precipitate fraction f, inter-particle spacing and 
particle radius r is given by Sha and Guo (2009), which also contains the other 
equation in this section:

When precipitation fraction increases, the L/r ratio decreases dramatically 
(Fig.  6.3). L and r become very much comparable when f increases to about 0.1. 
The simple formula significantly overestimates the inter-particle spacing when 
the precipitation fraction is large. In addition to Eq.  6.1 for spherical precipitates, 

(6.1)L =

(

1. 23

√

2π/(3 f ) − 2

√

2/3

)
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there are equations for plate-like particles, which is the case for Ni3Ti-type precipi-
tates in maraging steels. If the volume fraction can be estimated using the Johnson– 
Mehl–Avrami (JMA) equation, then particle spacing as a function of time will be 
known. Such a procedure allows the quantification of age hardening to be carried out 
accurately.

The size increment of particles during the early ageing period may follow a 
slower procedure than the classical parabolic growth law would allow, regardless 
of whether the phase separation follows classical nucleation or spinodal decom-
position. Although sometimes it is difficult to determine the controlling step, and 
in turn the operating coarsening law, Lifshitz-Slyozov-Wagner (LSW) theory 
(Lifshitz and Slyozov 1961; Wagner 1961) may be used for practical purposes. 
The LSW theory is the first statistical mechanical formulation of the kinetics of 
precipitate ageing, for diffusion-limited as well as interface-limited precipitate 
coarsening. The prediction of LSW theory that the cube of the average length scale 
of particles increases linearly with time was validated by numerous experiments, 
even in cases where there was a finite volume fraction of the dispersed phase. In 
LSW theory, the coarsening rate of a precipitate particle is given by the linear form

where r and r* are the radius of the particle, and the critical radius of the precipi-
tate population, respectively. KLSW is the kinetic coefficient and is independent of 
the volume fraction of the precipitates.

6.5.2 � The Overall Process

The overall transformation curve can be recorded using dilatometry  (Fig.  6.4) 
measured for a cobalt-free maraging steel as an example. The steel composition 
is Fe-18.9Ni-4.1Mo-1.9Ti (wt  %). Uniform expansion continues until 510  °C 
when a small contraction starts to occur, indicating the start of precipitation at this 

(6.2)
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Fig. 6.3   Comparison 
of L/r ratio as a function 
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temperature. This is followed by a small period of linear expansion with increas-
ing temperature. When the temperature is raised to 602  °C, a large contraction 
appears in the dilatometry curve, which can be taken as the start of austenite for-
mation (As). At 660 °C, this contraction starts to slow down, until 720 °C when 
the curve resumes linear expansion. Therefore, the austenite transformation ends 
at around 720  °C (Af). Complete solution is ensured by heating continuously to 
900 °C and holding at this temperature for 30 min. During cooling to room tem-
perature, there is drastic expansion at approximately 135  °C, due to the sudden 
start of rapid transformation from austenite to martensite, corresponding to the 
martensite start temperature, Ms. Martensite finish temperature (Mf) is about 
48  °C. Thus, the cobalt-free maraging steel should have a single-phase structure 
upon cooling to room temperature that is martensite.

A discrepancy in dilatation at room temperature is apparent in Fig.  6.4. In 
dilatometry curves for T300 (Fe-18Ni-2.4Mo-2.2Ti, wt%) and C350 (Fe-18.77Ni-
10.8Co-4.2Mo-1Ti, wt%) recorded in the literature (He et al. 2003), the cooling 
curve normally does not return to zero but to below the original point. This resid-
ual strain may be induced by the martensite phase transformation, due to both 
thermal and transformation changes. The strength level (2400 MPa) of the com-
mercial cobalt-free T300 steel is the same as the experimental cobalt-free marag-
ing steel used in Fig.  6.4, although the experimental steel, due to its very low 
impurity levels, has better toughness. The C350 steel is also ultra-purified steel, 
reaching a strength level of 2800  MPa. The transformation-induced plasticity in 
the free dilatometry cycle is seen in the martensitic transformation in many experi-
ments (He et al. 2003; Coret et al. 2004). However, the exact mechanism is not 
clear. It is possible that the lattice has been sheared and it could not return to the 
original position.

Cobalt raises the martensitic phase transformation temperature. In general, 
the martensitic transformation temperature in 18Ni maraging steels is 50–100 °C 

Fig. 6.4   Dilatometry curve 
of the 2000 MPa grade 
cobalt-free maraging steel
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higher than in their cobalt-free counterparts. However, controlling correctly the 
amount of nickel and molybdenum in cobalt-free maraging steels can still ensure 
complete martensitic transformation upon cooling to room temperature after solu-
tion treatment.

6.6 � Research Trends 

Although research in maraging steels usually involves the quantification of phase 
transformation kinetics, this section will expand beyond this theme, to the general 
developments in this type of steel. These can be roughly divided into the following 
areas.

6.6.1 � Ultrafine-Grained Fe–Ni–Mn Steels, Novel Maraging 
Steels and Atom Probe Tomography

The research includes the study of behaviour during isothermal ageing (Nedjad 
et al. 2009a), the effects of chromium addition (Meimandi et al. 2008) and fur-
ther alloying (Nedjad et al. 2008a, 2009b) on microstructure and mechanical 
properties including tensile behaviour (Nedjad et al. 2009c), and the correlation 
between intergranular brittleness and precipitation reactions (Nedjad et al. 2008b). 
Transmission electron microscopy studies have been carried out on grain boundary 
precipitation (Nedjad et al. 2006, 2008c). X-ray diffraction including peak profile 
analysis (Garabagh et al. 2008a) and microstructural study (Mobarake et al. 2008) 
have been carried out on a nanostructured 18Ni maraging steel prepared by equal-
channel angular pressing (Garabagh et al. 2008b), aimed at better understanding of 
the deformation process and deformed structure. This equal-channel angular press-
ing is a natural extension after studying the extent and mechanism of nanostructure 
formation during cold rolling and ageing of lath martensite (Nedjad et al. 2008d).

Characterisation using advanced equipment and techniques has been carried 
out, the most recent example being of the precipitation behaviour of intermetallic 
NiAl particles in Fe-6at.%Al-4at.%Ni by small angle neutron scattering (SANS) 
and three-dimensional atom probe (3DAP) (Schober et al. 2010). Transformation 
during continuous-to-isothermal ageing applied on a maraging steel has been stud-
ied (Primig and Leitner 2010), as has the effect of Cu on the evolution of precipita-
tion in a Fe–Cr-Ni–Al–Ti maraging steel (Schnitzer et al. 2010a) and the splitting 
phenomenon (Leitner et al. 2010). In addition, reverted austenite in a PH13-8Mo 
maraging steel has been investigated (Schnitzer et al. 2010b), in particular its 
influence on static and dynamic mechanical properties (Schnitzer et al. 2010c). 
Modelling work has also been carried out on the yield strength of stainless marag-
ing steel (Schnitzer et al. 2010d). The latest techniques of atom probe tomography 
have been used in this field (Pereloma et al. 2004, 2009; Shekhter et al. 2004).

6.5  Evolution of Precipitates and the Overall Process
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6.6.2 � Computer-Aided Alloy Design Approach  
to New Steel Compositions

The design is always followed by characterisation of the steels manufactured on a 
laboratory scale. Studies include real-time martensitic transformation kinetics in 
maraging steel under high magnetic fields (San Martin et al. 2010). A novel ultra 
high-strength stainless steel, strengthened by various coexisting and multi-species 
(Xu et al. 2008) nanoprecipitates including Ni3Ti intermetallic, has been designed 
(Xu et al. 2010a) based on a genetic algorithm and thermokinetics, and has been 
characterised (Xu et al. 2010b). This genetic computational design of novel ultra 
high-strength maraging precipitation hardenable stainless steels has incorporated 
alloy composition as well as austenitisation and ageing temperatures as combined 
optimisation parameters (Xu et al. 2009a, 2009b); the model description and first 
experimental validation have been given (Xu et al. 2009c).

Traditionally, new alloys have been developed through an empirical ‘trial-and-
error’ approach, which is based on systematic experimental investigations. This 
semi-empirical approach is very dependent on intuition, experience and, to some 
extent, luck. Depending on the matrix type and the strengthening system, modern 
high-end UHS steels possess intentionally, and with specified amounts, a range of 
elements such as C, Cr, Ni, Al, Ti, Mo, V, Mn, Nb, Co, Cu, W, Si, B and N in wide 
ranges of concentrations. The interactions of alloying elements display complex 
cross effects. To understand the competition, conflict and synergy among various 
alloying elements experimentally, it would be necessary to systematically pro-
duce a large number of alloys with different compositions. Apart from the alloy 
composition, the heat treatment plays a paramount role in determining mechani-
cal properties as well. After producing trial alloys, processing parameters need to 
be optimised via a tremendous amount of experimental work to achieve the best 
mechanical properties. Therefore, the conventional trial-and-error approach has 
been recognised to have low success rate, and be very costly and time-consuming.

With the improved understanding of processing/structure/property/performance 
relationships, and with the advent of more powerful and reliable computer hard- 
and software, alloy design philosophies are now increasingly oriented in the goal/
means direction as demonstrated by the chain design model by Olson (1997). 
The goal/means oriented alloy design approach starts with defining the target 
properties required by the applications. This first link, between performance and 
properties, is mainly based on mechanical engineering. In the second step, the 
target microstructures are subsequently designed to obtain the desired properties, 
according to metallurgical and mechanical principles. The last link, attaining the 
tailored microstructures, is the key and most sophisticated process in the goal/
means alloy design strategy. The alloy composition and heat treatment parameters 
are designed and optimised, employing various approaches, to obtain the desired 
microstructures.

Following fully or partially the goal/means oriented alloy design methodology,  
computational methods  of different types have become a more efficient and powerful 
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tool in providing guidance for designing new alloys as well as for process development. 
Thermodynamics aided design approaches have been applied, in different degrees, to 
various systems such as maraging. Another popular computational approach is artificial 
neural networks (ANN) which extracts empirical trends from exploring large databases. 
The neural networks are often coupled with genetic algorithms (GA) for alloy design to 
fulfil the multi-objective optimisation goals. More recently, atomic level ab initio cal-
culations are also applied to provide theoretical guidance in selecting and optimising 
composition of Ti-based alloys, stainless steels and UHS steels. With respect to the pro-
cess development, the experimental approach can also be better guided by extracting 
information from computational thermodynamics and artificial neural networks.
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