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The material properties of maraging steels are greatly affected by the alloy and inclusion
content and hence by the production route. This paper describes various past and current
production routes at Böhler Edelstahl GmbH and the effect of these routes on the specified
element (alloy) and non-specified element (inclusion) contents. Non-metallic inclusions
were investigated by EDX analysis. The effects of various alloying and tramp elements on
the material properties are presented as a statistical evaluation of previous melts. Nitrogen
solubility was calculated with Thermo–Calc for maraging steel Mat.-No. 1.6354 and the
precipitation of nitrides is discussed. A proposal is made for the production of melts with
improved properties. C© 2004 Kluwer Academic Publishers

1. Introduction
The development of maraging steels began in the re-
search laboratories at INCO at the end of the 1950s.
With the invention of maraging steels, a type of al-
loy was found whose properties are significantly dif-
ferent from those of other steels [1–3]. Maraging steels
are distinguished by their combination of high strength
and high toughness. At strengths up to 2500 N/mm2,
these materials also offer good ductility and resistance
to crack propagation. Maraging steels can be used suc-
cessfully at temperatures up to 500◦C. Their simple
heat treatment, low dimensional change following heat
treatment, good machinability and weldability and the
advantage that these materials do not decarburise, all
made these alloys attractive for tool steel manufacturers
with vacuum melting capabilities right from the start.
Table I presents an overview of maraging grades pro-
duced by Böhler.

2. Manufacture
In the past, Böhler Edelstahl GmbH made maraging
steels via two production routes. The first followed
the traditional route: melting in an electric arc fur-
nace followed by ladle metallurgy. The electrodes were
remelted in a vacuum arc furnace. The second was the
double vacuum melting route meaning vacuum melting
followed by vacuum remelting (Fig. 1).

2.1. EAF melting/vacuum remelting
Maraging steel electrodes can be produced in the EAF,
mainly for tool steel grades. Cheaper raw materials and
back scrap with a composition similar to the steel to
be produced can be processed by this route. No com-
plicated scrap preparation is necessary. Our own ex-

periences have shown that this method can, however,
also be problematic. The high affinity of titanium and
aluminium for oxygen and nitrogen causes a signifi-
cant increase in the inclusion level and an unsatisfac-
tory electrode surface when these alloys are cast in air.
The apparent advantages of low cost raw materials and
the cheaper production route provided by open melting
must be offset against the increased tendency to form
cracks in the electrode and the VAR-ingot. Hot forming
problems and reduced yield are caused by poor ingot
quality. For this reason this production route was re-
placed by the double vacuum route in 1997. Scrap is
still melted in the EAF, however, and used for the pro-
duction of charge material for the vacuum induction
furnace.

2.2. Vacuum melting/vacuum remelting
For more demanding applications, where toughness
or increased cleanliness are of primary importance,
maraging steels were melted under vacuum in the
ROTEL plant and further remelted in the vacuum arc
furnace. Double vacuum melting helps to reduce the
problems described above. Although double vacuum
melting led to high cleanliness levels the ROTEL
facility was not specified for highly demanding
uses like aircraft applications. In 2000 the ROTEL
plant was replaced by a modern vacuum induction
melting furnace (VIM) of the VIDP (vacuum induction
degassing and pouring) type with two 8 tonne and one
16 tonne crucible.

3. Metallographic investigations
The most problematic inclusions in maraging steels are
elongated non-metallic inclusions (NMI). The length of
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T ABL E I Maraging steels/Böhler grades

Böhler grade C Mo Ni Co Ti Al Mat.-Nr. DIN AMS/MIL

V720 max. 0.030 5.30 18.50 9.00 0.60 0.10 1.6354 ∼1.6358 AMS 6514
∼X2NiCoMo1895 MIL-S-46850

(Grade 300)
V721/V723 max. 0.030 4.90 18.00 8.00 0.55 0.13 1.6359 1.6359 AMS 6512

X2NiCoMo1885 MIL-S-46850
(Grade 250)

V725 max. 0.030 4.20 18.00 12.30 1.70 0.15 1.6356 1.6356 MIL-S-46850
(Grade 350)

Figure 1 Production routes for maraging steels.

these inclusions and especially their three-dimensional
extension are easily recognisable at fracture sites. Fig. 2
shows an inhomogeneous band at the fracture surface
of a notched impact test specimen. In an evaluation of
the inclusion content, for example according to ASTM

Figure 2 SEM—investigation of steel Mat.-No. 1.6356 (Böhler V725).

E45, this band would be classified as a type B inclu-
sion. In the scanning electron micrograph the defect is
easily identified as an inhomogeneous conglomerate of
matrix material and fine non-metallic inclusions. The
geometry of inclusions is, of course, also influenced by
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Figure 3 SEM—investigation of steel Mat.-No. 1.6356 (Böhler V725).

the degree of working during hot forming. Forged ma-
terial tends to show spherical inclusions whereas rolled
material shows more elongated inclusions. A helpful
tool to reduce the inclusion level of an alloy is to eval-
uate the chemical composition of the inclusions. The
melting process can be adjusted appropriately depend-
ing on the inclusions found. If an EDX analysis is car-
ried out randomly in an inhomogeneous area however,
a composition is found which can only be described as
“titanium-aluminium-oxide-nitride-sulphide”.

This analysis offers the metallurgist very little infor-
mation about possibilities for improvement. If the res-
olution is increased, two main types of inclusion can
be identified. As can be seen on the right in Fig. 2, the
numerous small, blocky inclusions are titanium nitride.
Fig. 3 shows the second type of inclusion prepared by
deep etching. These inclusions are oriented longitudi-
nally. The EDX spectrum identifies these as titanium
sulphide inclusions. In the background, oxides can be
seen which cannot be resolved by EDX independently
of the matrix. These are presumed to be aluminium ox-
ides. According to these results, the melting process

Figure 4 Inclusion content versus Ti-content/absolute/50 heats B thin and B thick refer from ASTM E45/plate III.

must be adjusted to achieve very low nitrogen and sul-
phur contents. A low sulphur content necessitates a low
oxygen content in the melt as a high level of desul-
phurisation can only be achieved at a very low oxygen
activity [4–7].

4. Statistical evaluation
4.1. Non-metallic inclusions
During the last 15 years, innumerable melts have been
investigated. The following Figs 4–9 document our at-
tempt to analyse these melts statistically with respect
to the influence of the alloying elements on the inclu-
sion content or the mechanical properties. The analy-
sis was carried out without taking into account the hot
forming process and deformation ratio of the finished
products. Variation in the solution annealing temper-
atures and precipitation hardening temperatures must
also be taken into account when reviewing the mechan-
ical properties. Fig. 4 shows the maximum inclusion
size according to ASTM E45 method A over the ti-
tanium content. It is evident from the figure that the
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Figure 5 Inclusion content versus O-content/average 30 heats B thin and B thick refer from ASTM E45/plate III.

Figure 6 Correlation hardness—tensile test.

Figure 7 Correlation chemistry—impact test.

inclusion content increases at higher titanium levels.
The high affinity of titanium for nitrogen might be re-
sponsible for the increase in inclusion content. It should
be noted that Fig. 4 only includes type B inclusions ac-
cording to ASTM E45 method A. If only the highest
observed ASTM number is evaluated, the average in-
clusion content cannot be taken into account. However
it can also be seen from this figure that it is possible to
produce melts free from elongated inclusions, even at
high titanium contents.

Plotting the average inclusion content, according to
ASTM E45 method A, of several heats against the oxy-

gen content results in the graph in Fig. 5. Again the con-
clusion is drawn that elongated inclusions occur more
frequently at higher oxygen contents. The large vari-
ation in results can be explained by the spread of the
analytical results of oxygen determination especially at
low levels.

Surprisingly, the statistical analysis of the available
data offered no evidence for the existence of a definite
correlation between inclusion content and sulphur con-
tent or between inclusion content and nitrogen content.
We suspect that process parameters not considered here
may have a more decisive influence on the results, e.g.,
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Figure 8 Correlation chemistry—tensile test.

Figure 9 Correlation chemistry—impact test.

vacuum pressure, leak rate, deformation ratio during
hot forming etc. A possible explanation seems to be
that the observed non-metallic inclusions consist of a
mixture of fine dispersed oxides, sulphides and nitrides.
This mixture can not be exactly classified by subjective
human evaluation according to the given specification
classes. Automatic image analysis should be used to
avoid the “human” influence.

4.2. Mechanical properties
The advantages of maraging steels discussed in the in-
troduction are clearly confirmed by the results in Fig. 6.
Although the tensile strength reaches values equiva-
lent to those for cold drawn steels, more than sufficient
toughness is retained. Even if the strength and hard-
ness are increased by a further 10%, the elongation and
reduction of area remain constant.

The elements which have a negative influence on
the mechanical properties have been identified. E.g.,
sulphur again plays an important role. The impact
strength of an unnotched specimen falls dramatically
with increasing sulphur content (Fig. 7). The ductility—
measured as reduction in area also drops with higher
sulphur contents in these materials (Fig. 8). Our re-
sults show that a moderate increase in phosphorous
content (30–100 ppm) causes a significantly lower de-
crease in the mechanical properties than is caused by

an increase in sulphur content within the specified
level. In contrast, carbon causes a significant loss of
toughness; the impact strength decreases with increas-
ing carbon content (Fig. 9). Additionally, in the liter-
ature it has previously been shown that Si, Mn, Cr,
(V), (W), tramp elements and gases must be kept as
low as possible to prevent loss of toughness [8, 9].
Mn embrittlement can be avoid if Mn is used up to
a specific content in Co—free maraging steel grades
[10].

5. Nitrogen solubility and reduction in
nitrogen content during remelting

Non-metallic inclusions are often associated with ni-
trides. In addition, nitrogen is known to cause grain
boundary embrittlement if titanium-carbo-nitrides
(Ti(C,N)) are present at the grain boundary [11–13]. It
therefore makes sense to take a closer look at the role of
nitrogen plays in maraging steels. In the past, Thermo–
Calc was used to predict precipitations in this alloy type
[14]. Thermo-Calc is a software program which uses
databases from inorganic chemistry and metallurgy to
calculate and predict multi-component phase diagrams
in the equilibrium state by minimising the free Gibb’s
energy. It is used world-wide in the development of new
alloys and alloy systems. In combination with an up-
dated database it is possible to calculate the maximum
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Figure 10 Calculations/equilibrium state.

nitrogen solubility in a steel even in the liquid state.
Fig. 10 shows the maximum nitrogen solubility of a
given alloy composition (in this case V720 acc. Table I)
as a function of the temperature and nitrogen partial
pressure. Every printed line is calculated for one fixed
nitrogen partial pressure. Following this line, the green
spot marks the beginning of Ti(C,N) precipitation at
this particular pressure. By following the green spots
it can be seen that the overall solubility decreases with
decreasing pressure and decreasing temperature. In ad-
dition, the formation of primary Ti(C,N) is displaced to
lower temperatures.

In order to verify these results, the nitrogen solubil-
ity was checked using the formula given by Stein et al.
[15]. This formula has been used successfully in prac-
tice at our steel plant to predict the maximum nitrogen
content in melts. The results, which were calculated in-
dependently, correlate well (red vertical arrows Fig. 10)
with the results obtained from Thermo-Calc. It should
be noted that the solubility is calculated at 1600◦C in
[15]. If a nitrogen solubility of around 3–4 ppm is cal-
culated for a temperature of 1600◦C at a pressure of
10 Pa for the alloy Mat.-No. 1.6354, it must be as-
sumed that many fine, solid Ti(C,N) precipitates are al-
ready present in the liquid steel since a good VIM melt
has a total nitrogen content of 8–15 ppm. The remain-
ing undissolved nitrogen must therefore precipitate be-
fore solidification. It can also be seen that the precipita-
tion temperature of Ti(C,N) decreases with decreasing
pressure.

For further discussion of the nitride precipitation
mechanism we assume a nitrogen partial pressure of
1000 Pa at a temperature of 1550◦C (marked by a
blue horizontal arrow in Fig. 10). 35 ppm nitrogen
can be dissolved in the alloy Mat.-No. 1.6354 un-
der these conditions. As the temperature decreases,
primary Ti(C,N) precipitates are formed in the liq-
uid steel if more than 35 ppm nitrogen are present.
This phase can be described as the first solid phase
in the phase diagram. Thermo-Calc calculations show
that more and more nitrogen would be picked up if
the system were fully open to the air. In reality, not
all primary Ti(C,N) precipitates remain suspended in
the liquid melt. Some of them may rise to the surface

due to their lower density, essentially enabling a fur-
ther method of nitrogen removal as discussed later in
this paper. The equilibrium moves towards very low
nitrogen solubility during cooling. The final nitrogen
solubility is marked by the green dot which is clos-
est to the liquidus line. As described above, at the liq-
uidus temperature and a pressure of 10 Pa the sol-
ubility is around 3–4 ppm. The higher the nitrogen
content is above the solubility limit before solidifica-
tion starts, the more primary Ti(C,N) precipitates are
formed.

Larger inclusions can form through agglomeration in
the melt. Clogging in the casting system can also be a
source of agglomerated NMI, which are not fully dis-
persed in the vacuum arc furnace. Secondary Ti(C,N)
which are formed during solidification of the melt are
precipitated as very fine inclusions. A loss of tough-
ness/ductility can, of course, result if these precipitates
are situated preferentially at the grain boundaries. This
loss of mechanical properties can also be caused by
tertiary precipitation during heat treatment.

Fig. 10 reveals a weak slope of the isopressure grey
line in the liquid phase depending on the temperature.
This result corresponds in principle with the experience
of [16]. Nevertheless the influence of the alloying el-
ements on the nitrogen solubility especially for higher
nickel content in iron base alloys is not absolute clear
[16, 17].

We also evaluated the relationship between the nitro-
gen content in the electrode and the respective vacuum
arc remelted ingot (Fig. 11). Each point on the dia-
gram gives the result of the nitrogen analysis of the
electrode and the resulting VAR ingot. It can clearly
be seen that the decrease in nitrogen content in the
VAR is greater at higher absolute nitrogen levels. At
nitrogen contents of about 40 ppm in the electrode, as
obtained from electric arc furnace melts, the nitrogen
content is reduced by 50% or more. If the content in the
electrode is lower than 10 ppm, no nitrogen removal is
observed during arc remelting. Our calculations show
that the amount of dissolved nitrogen is very low under
vacuum remelting conditions (e.g., 10 Pa, [N] 3–4 ppm;
0.1 Pa, [N] <0.5 ppm). Therefore it is to be assumed that
the reduction in nitrogen content is based on flotation
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Figure 11 Nitrogen loss electrode/VAR-ingot.

Figure 12 Optimised melting practice.

of Ti(C,N) precipitates. This assumption is supported
by the well-known concentration of nitrides at the in-
got surface area. This will be the subject of further
investigations.

6. Improved metallurgy/conclusions
The results presented here have shown that the C, N, O,
S, P, Si, Mn, Cr and tramp element contents of the melt
should be kept as low as possible. This condition can be
met by choosing the correct raw materials. Primary raw
materials are, however, also a cost factor. If the initial
melt is produced in an electric arc furnace, cheaper raw
materials can be used. Scrap can be used without any
complicated preparation. Using appropriate know-how
in the initial melt stage, a raw material with low levels of
harmful elements can be supplied to the VIM (Fig. 12).

With raw materials containing minimum amount of
trace elements and lowest possible amount of nitrogen
and oxygen in combination with an appropriate VIM
melting procedure, a further decrease in C, S, N, O, Mn
and tramp elements can be achieved. Success is only
guaranteed at a low vacuum with a low leak rate. Be-
cause titanium and aluminium have a high affinity for

oxygen, an appropriate refractory lining must be cho-
sen for the whole system. If the lining is thermodynam-
ically unstable, oxygen will constantly be replenished
from the lining and uncontrolled inclusions can form.
An important process is the charging order. Although
very low carbon contents are required, carbon deoxida-
tion, as the cleanest deoxidation process, should be used
as far as possible. Clean electrodes for the VAR pro-
cess are produced using this procedure. A low remelt-
ing pressure (<10−3 mbar) and a maximum leak rate
(<9 × 10−3 mbar/min) must be defined as part of the
melting procedure in VAR. By following an appropriate
remelting “recipe” according to steel quality and ingot
diameter with optimized arc gap, a clean VAR ingot
with low segregation levels is produced which can be
used for the most demanding of applications.
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