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High-strength X3NiCoMoTi 18-9-5 maraging steel belongs to highly researched materials due to its wide
application range. Thanks to its outstanding mechanical properties, it is usually used for high-loaded
parts in the aircraft and aerospace industry. Hardness and ultimate tensile strength are strongly affected
by heat treatment allowing to create NizX (X = Mo, Ti), Fe:Mo, and (Fe, Ni, Co)s(Ti, Mo) precipitate
which almost doubles their properties. In the present study, microstructure and mechanical properties of
the thermo-mechanically processed maraging steel were studied two modes of heat treatment. Micro-
hardness values improved from 350 HV0.1 to 650 HVO0.1, and ultimate tensile strength has increased from
1029 up to 2140 MPa. On the contrary, elongation has reduced from 11 to 4 %. After heat treatment, pre-

cipitates NizMo has been formed in the material volume.
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1 Introduction

The X3NiCoMoTi 18-9-5 (1.2709 in European

classification) is one of a few types of maraging steels,
composed of Ni, Co, Mo, Ti as the main alloying ele-
ments that improve the mechanical properties. Marag-
ing steel is used mainly in tooling applications and in
the aircraft industry [1-4]. Besides that, it can be used
as ultra-high-speed material for rotors in electric hys-
teresis motors [5, 6]. The X3NiCoMoTi 18-9-5 alloy
has an excellent combination of high tensile strength,
hardness and toughness. One of the other advantages
is good dimensional stability after heat treatment [1].
Among the already mentioned, it is also easily welda-
ble due to low content of C. This allows producing
this type of steel by a variety of methods including
conventional casting, selective laser melting (SLM) or
powder metallurgy (PM) techniques [7-11].
The excellent mechanical properties of the maraging
steel are achieved by common heat treatment. It con-
sists of two steps: solution annealing at temperatures
around 800 °C and of subsequent aging of the steel.
During solution annealing, the grain size increases and
the material becomes softer with average hardness val-
ues of 30 HRC [5]. In the aging step typically done at
a temperatutre range of 450 — 600 °C, a formation of
homogencously dispersed intermetallic precipitates
identified as NizX (X = Mo, Ti), FeaMo, and (Fe, Nij,
Co)3(Ti, Mo) occurs [5, 7, 12]. The precipitates are dis-
tributed throughout the material volume strongly
strengthening a soft martensite mattix.

In our previous work [11], the influence of heat

treatment on microstructure and mechanical proper-
ties of the 3D-printed high-strength X3NiCoMoTi
18-9-5 maraging steel has been investigated. It was
found, that the aging done at 490 °C provides the
highest increase in mechanical properties of such pre-
pared material. Since the techniques of maraging steels
preparation vary, the temperature range for the aging
might be slightly different for those prepared by much
more conventional methods shifting the temperatures
up to higher values to achieve the maxima of proper-
ties.

Thus, this work is focused on microstructure and
mechanical properties change of the forged high-
strength X3NiCoMoTi 18-9-5 maraging steel that un-
dergone two different heat treatment modes com-
posed of solution annealing and subsequent aging
treatment and of simply aging. The change of the mi-
crostructure was observed and fully described in re-
spect to the forging axis and perpendicular direction.

2 Experiment

Commercially produced X3NiCoMoTi 18-9-5
maraging steel (also denoted as CRYODUR 2709
ULTRACLEAN) bar has been purchased from
SCHMOLZ + BICKENBACH s.r.o company. The
steel bar was remelted, forged, solution annealed,
quenched, and straightened to release internal stresses
induced during heat treatment. Further details of the
production are unknown since they are considered as
a company secret. The chemical composition of the
steel was determined by XRE analysis (ARL 9400)
which results are shown in Table 1.
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Tab. 1 Chemical composition of the forged X3NiCoMoT7 18-9-5 maraging steel (in wt. %)

Element | Fe C Ni Co Mo

Ti Al | Mn Si

Cu, Cr Zr P

wt.% Bal. | =0.03 | 194 | 9.03 | 479

1.02 | 0.1 | 0.09 | 0.05 <0.16 0.01 1.75

Heat treatment parameters consisted of solution
annealing at 820 °C/1 h and aging at 490 °C/6 h, both
accompanied by slow air cooling. We tested two ap-
proaches, first consisting of solution annealing and ag-
ing while the second consisted of aging, both done in
electric resistance furnaces. X-ray diffraction (using
Co Ka 0.17929 nm, PANalytical X’Pert PRO) was
used to identify the present phases within the steel as
a consequence of chosen heat treatment. For this pur-
pose, the scans were done from 6 to 110° with a step
size of 0.033° and 81.28 s dwell time.

The cross-section specimens were prepared by
grinding on P280-P4000 SiC abrasive papers followed
by polishing on a 2 um diamond paste and on an
Eposil F suspension. The prepared samples were then
etched in a solution containing 2 ml HNO3 + 98 ml
ethanol (commonly denoted as Nital2). The micro-
structure of prepared samples was observed using the
light microscope (LM, Olympus PME3). A detailed
study of the material microstructure evolution during
heat treatment was documented using a transmission
electron microscope (TEM, JEOL 2200 FS) equipped
by an energy-dispersive X-ray spectroscope (EDS,
OXFORD Instruments, 80 mm?).

The universal testing machine LabTest 5.250SP1-
VM (LaborTech, Opava, Czech Republic) has been
used to perform the tensile test of the maraging steel.
Samples in a dog-bone shape have been made from
the forged bar along the forging direction. Measure-
ments were done at laboratory temperature evaluating
the different heat treatment. The Vickers microhard-
ness HV 0.1 of the prepared and thermally treated
samples was measured at least on 10 different places
with a 10 s dwell time using FUTURE TECH FM-700
testing machine.

3 Results and Discussion

The microstructure of the studied as-forged X3Ni-
CoMoT1 18-9-5 maraging steel is shown in Figure 1.
As can be seen, it consists of coarse martensite laths,
which are a result of the technological process of mar-
aging steel production. The formation of martensite
was caused due to a high temperature of solution an-
nealing and subsequent rapid quenching.

Figure 2 shows the microstructure changes after
the chosen heat treatment setup. As one can see, there
were no changes in the microstructure of the investi-
gated alloy after the first heat treatment mode which
consisted of solution annealing at 820 °C/1 h and sub-
sequential aging at 490 °C/6 h (see Fig. 2a). The mi-
crostructure was composed of martensite, although its
laths have become finer. Almost identical effect on the

microstructure was observed when only aging at 490
°C/6h has been used (Fig. 2b). Thus, both the chosen
heat treatments affected the microstructure resulting
in finer martensitic structure.

steel showing the microstructure after: a) solution annealing
and aging, b) aging
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The XRD patterns of the studied material docu-
menting the influence of chosen heat treatment are
shown in Fig.3. There are only three characteristic
peaks on each pattern which corresponds to a-phase
(martensite). X-ray diffraction quantification was
made to prove the existence of a full-martensite struc-
ture. The results have shown that the studied steel had
100 % alpha-phase in each state: as-forged, solution
annealed plus aged even in the only aged one. This il-
lustrates the main purpose of this steel that is consid-
ered as self-hardening which allows the austenite to
spontaneously transform to martensite.
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Fig. 3 XRD pattern of the X3NiCoMoTi 18-9-5 marag-
ing steel in a different state of chosen processing

Figure 4 shows detailed TEM micrographs display-
ing structural components of the maraging steel as a
result of different heat treatment modes.

Fig. 4 TEM wmiicrographs of the investigated maraging steel
showing: a) as-forgedy b) solution annealed and aged; ¢) aged
state

One can see that the steel contained a lot of lattice
defects mainly composed of dislocations in the as-
forged state (Fig. 4a). Defects were shown as dark
fields randomly distributed in the studied area of the
material. Comparing the as-forged (Fig. 4a) and both
the thermally treated materials (Fig. 4b, ), one can see
the obvious difference mainly caused by the higher
content of lattice defects (as-forged state) and their an-
nihilation after heat treatments which allowed to form
rod-like precipitates within the martensite matrix. In
addition, a lower amount of lattice defects such as
highly-localized dislocation pile-ups were found in
both the thermally treated materials.

The selected area electron diffraction (SAED) was
used to identify the precipitates that are usually found
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in this material. The SAED patterns confirmed the ab-
sence of precipitates in the as-forged sample (see Fig.
42). Similar SAED spectra for the thermally treated
samples including that of solution annealed plus aged
and just aged samples are shown in Fig. 4b, c. There
are some visible differences in the atom distributions
when compared to as-forged material. Accordingly to
the SAED results, these reflections corresponded to
the presence of NisMo precipitates, both found in the
thermally treated samples. According to our previous
work [11], the formation of this type of precipitates
was accompanied by a rapid increase in mechanical
properties in the identical maraging steel produced by
SLM additive manufacturing.

Mechanical properties such as microhardness and
tensile tests of the investigated maraging steel were
tested to determine the influence of different heat
treatments. To eliminate any anisotropy of properties,
the microhardness was measured in both directions
which results are shown in Fig. 6.

1/(0.04 nm)

[201},

1/(0.04 nm) [113];,

1/(0.04 nm)

Fig. 5 SAED patterns of the maraging steel showing: a) as-
Jforged; b) solution annealed plus aged; ¢) aged state

For this purpose, ten measurements were done in
both directions to provide complex results of the me-
chanical properties and their change with chosen heat
treatment. It is clearly demonstrated, that the applied
heat treatment improved the microhardness of the
steel almost two times. In the as-forged state, the mi-
crohardness values were about 328.7 £ 12.4 and 338.2
T 9.3 HVO0.1, corresponding to the forging direction
and perpendicular, respectively. Microhardness of
heat-treated samples has increased up to 635 HVO0.1
increasing the initial by almost two times. Further-
more, it was also proved that the materials were show-
ing uniform results regardless of the chosen direction
for testing.

Wforged M solution annesled and aged M aged

L I

perpendiculsr to the forging direction in the forging direction

Studying direction

Fig. 6 Microbardness H10.1 of the forged maraging steel
and its change as a result of heat treatment and orientation
against the forging axis

The prepared dog-bone like specimens, extracted
from the samples along the forging direction, were
tensile tested and their results are shown in Tab. 2. The
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heat-treated materials significantly exceeded the prop-
erties of the as-forged material reaching tensile yield
strength (TYS) up to 2050 MPa and ultimate tensile
strength (UTS) of 2141 MPa. The observed increase
was almost two times higher compared to the as-
forged state, although the ductility lowered from 12%
down to 3.5 %.

Tab. 2 Results of tensile test of the investigated materials doc-
umenting the change of mechanical properties after heat treat-
ment

State of A UTS TYS
material [MPa] [MPa]
As-forged 11.7 1029.3 969.6
Solution
annealed 3.5 2141.3 2050.3
and aged
Aged 4.6 2076 2015

This observed improvement of mechanical prop-
erties is a direct consequence of the above-described
precipitation hardening via Ni3Mo precipitates (Fig.
4b, c and Fig. 5 b, ¢), that occurred in both the tested
heat treatments. Compared to our previous study [11],
herein reported as-forged material has similar mechan-
ical properties including hardness, UCT and YCS to
the 3D-printed material prior to any heat treatment.
However, the thermally treated steel had higher
strength values compared to heat-treated 3D-printed
maraging steel.

4 Conclusions

The influence of two heat treatment modes on mi-
crostructure and mechanical properties of the as-
forged high-strength X3NiCoMoTi 18-9-5 maraging
steel was studied. The microstructure of the as-forged
material consisted of coarse martensite laths, which re-
fined becoming finer after heat treatment combining
solution annealing plus aging and simply aging. The
results of the tensile testing have shown that heat-
treated samples increased their mechanical properties
almost two times. Such increase was caused by homo-
geneous precipitation of NisMo precipitates which
acted as strengthening phase within the microstruc-
ture. Furthermore, it was proved that the solution an-
nealing does not have any significant influence on the
resulting properties of the steel. Thus, from this point
of view, the solution annealing is unnecessary and
could be omitted.
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