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Abstract

Aluminium was added to a 0.2% C–2.5% Cr–1.4% Mo–11% Ni steel to modify the precipitation sequence during tempering treatment.
The main goal was to obtain fine co-precipitation of an intermetallic phase and M2C carbides (where M is a combination of Cr, Mo and
small amounts of Fe). Small angle neutron scattering, synchrotron X-ray diffraction, transmission electron microscopy and atom probe
tomography were performed to characterize the nanometric precipitation. The tempering response of samples austenitized at 900 !C
revealed a strong interaction between the two types of precipitation, leading to a significant modification of both the precipitation
sequence of carbides and the arrangement of carbide nucleation sites compared with these sites in a single precipitation steel. Indeed,
a microstructural investigation clearly showed that iron carbide precipitation was either delayed or did not occur during the tempering
process, depending of the alloying elements added. Moreover, double precipitation directly influenced the mechanical resistance, as well as
the toughness, leading to an ultrahigh-strength, high toughness steel.
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1. Introduction

In answer to the need to reduce energy consumption and
reduce carbon dioxide emissions the transport industry,
particularly the aeronautics sector, requires the develop-
ment of new, high performance steels combining high
mechanical resistance as well as improved toughness. The
main objectives of weight reduction, structural durability
and aircraft safety underpin continued research activities
into high strength steels. This research is also driven by

considerations of economy in manufacture. Nearly two
decades ago American researchers and industrialists first
succeeded in producing steels with higher mechanical prop-
erties by producing a microstructure strengthened by dou-
ble precipitation of nanometric scale carbides and
intermetallic phases [1,2]. More recently the same concept
was used by Austrian teams to develop new steels for appli-
cation as hot work tools [3]. This idea has probably opened
up a new generation of steels.

The first criterion in classifying steels according to their
performance is the ratio of toughness to tensile strength.
This is usually represented by a diagram which is well
adapted to aeronautical applications. As shown in Fig. 1,
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taken from Olson [4,5], the conventional steel 300 M (ulti-
mate tensile strength (UTS) 2000 MPa and a fracture
toughness (KIc) of 60 MPa
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) hardened with secondary
carbides containing chromium, vanadium and molybde-
num is still the reference. For 40 years this steel has been
widely used for the landing gear of civil aircraft. For two
decades (1950–1970) intensive research programs for space
applications led to the development of maraging steels,
which presented a better balance of properties, but at a
higher cost. These steels are carbon free and hardened by
intermetallic phases such as Ni3Mo and Ni3Ti. Since the
end of the 1970s, a first generation of new steels hardened
with very fine precipitates of molybdenum carbides Mo2C
have been developed in the USA and sold under the trade-
marks AF1410 and AERMET 100 steels [6,7]. The best
balance at this time seems to have been reached by the
more recently developed AERMET 340 [8], providing a
UTS of about 2344 MPa and a KIc of 65 MPa
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. Then,
from the AERMET nominal chemical composition (about
0.2–0.3% C, 2.2% Cr, 2% Mo with large quantities of Ni
and Co), GE1014 steel, strengthened by a double nanomet-
ric precipitation of intermetallic phase and carbides, was
developed from the considerable work of Garrison et al.
[1,9,10]. GE1014 steel is characterized by both the presence
of intermetallic strengthening precipitates, as in maraging
steels, and by alloy carbide strengtheners, as commonly
found in secondary hardening steels. Titanium is absent
from the composition to avoid the formation of non-metal-
lic inclusions, such as titanium carbonitrides, which corre-
spondingly enhances the fatigue properties. This allowed
the development of the fan mid-shaft of the new GE90
engines (General Electric Aircraft Engines). Although the
balance of properties is not so different from conventional
steels (Fig. 1), it is possible to work at elevated tempera-
tures reaching 400 !C, which is not tolerated by 300 M

steel. On the other hand, the fatigue properties are
enhanced compared with those of Maraging 250 and 300.

Although the duplex strengthening route gives outstand-
ing mechanical properties and relevant microstructural
investigations have already been performed [3,11], the com-
plex mechanisms involved in the different stages of precip-
itation are still imprecise or unknown. Consequently,
scientific arguments attempting to explain the improve-
ments still need to be clarified. Indeed, multi-scale investi-
gations of the microstructure, including the need to use
advanced experimental techniques, are absolutely essential
to direct the future development of steel composition. This
is the main goal of the present study.

2. Experiments

2.1. Materials

In order to investigate the interactions between the two
types of precipitation, different grades were prepared con-
taining a single precipitate (only carbides or only interme-
tallic) or double precipitates.

The chemical compositions of the grades investigated
are given in Table 1. The reference, Alloy1014 steel, has
the same composition as GE1014 steel. Each experimental
grade was derived from the reference by removing cobalt
only (Ecofree grade) or cobalt and one type of precipitate:

Fig. 1. Toughness–tensile strength diagram for several standard steels used in aeronautical applications (from Olson [4,5]).

Table 1
Chemical composition (wt.%) of the grades under investigation.

Grade C Ni Cr Mo Al Co

Alloy1014 0.23 13.90 2.30 1.48 0.89 10.00
Ecarb 0.21 10.49 2.39 1.40 <0.01 <0.02
Einter 0.017 11.73 2.38 <0.01 1.05 <0.02
Ecofree 0.21 11.45 2.39 1.49 1.10 <0.02



Ecarb (aluminium free) and Einter (carbon and molybde-
num free).

ThermoCalc
"

software giving the equilibrium phase dia-
gram was used to adapt the chemical composition of each
experimental grade, taking into account that austenite, the
M2C carbides and the intermetallic phase contents should
be equivalent for all grades considered at equilibrium.
For instance, as the Ecarb grade contains no aluminium
to prevent intermetallic phase formation, the excess nickel
tends to form austenite instead of ferrite. To eliminate this
undesirable effect the nickel content was decreased from
that in the reference. X-ray diffraction experiments and
microscopy observations were performed to check whether
the adopted criterion was correct.

The same heat treatment for all grades comprised
austenitizing at 900 !C for 1 h, cryogenic quenching at
!80 !C for 8 h (no retained austenite detected), followed
by double tempering. The first tempering operation was
performed at 200 !C for 8 h, the second at 500 !C. Different
samples were prepared to investigate the precipitation
kinetics with eight different tempering times from 10 min
to 1000 h. Samples obtained after this treatment underwent
microstructural investigations and mechanical tests. With
the aim of clarifying the precipitation mechanisms, some
specimens were also prepared that were only subjected to
a temperature ramp of 0.2 !C s!1 from room temperature
to 200 !C, 300 !C, 400 !C or 500 !C (followed by air
quenching). Specimens were also prepared that underwent
the first tempering stage (at 200 !C) and were then sub-
jected to the temperature ramp treatment. For all the
grades investigated the microstructure was almost fully
tempered martensite (the volume fraction of reverted aus-
tenite did not exceed 2% after 10 h tempering at 500 !C).

2.2. Experimental techniques

Tensile tests and toughness experiments were performed
at room temperature and carried out in a 250 kN closed
loop servo-hydraulic testing machine. The complete exper-
imental set-up is presented in Zhang et al. [12]. For tensile
tests the axial strain was measured with a 10 mm gauge
length extensometer. Toughness experiments were carried
out using normalized compact tension specimens, as
described in Souki et al. [13].

The tempered martensitic microstructure was investi-
gated by transmission electron microscopy (TEM) com-
bined with selected area electron diffraction (SAED) in
the CEMES-CNRS laboratories. Conventional as well as
synchrotron X-ray diffraction (XRD) analysis was per-
formed at the European Synchrotron Radiation Facility
(ESRF) in Grenoble. Small angle neutron scattering
(SANS) analysis was carried out at the Léon Brillouin Lab-
oratory (LLB), while atom probe tomography (APT) was
performed at the Institut des Matériaux de Rouen.

To determine the crystallographic structure by conven-
tional XRD carbides were first extracted from the martens-
itic matrix using the dissolution technique described in Kim

et al. [14]. XRD experiments were performed using a PAN-
alytical X’Pert PRO diffractometer equipped with a CuKa

radiation source and a graphite crystal monochromator
and scintillation counter.

The microstructure (the crystallographic characteristics
of the matrix and the precipitates and the size and chemical
composition of the precipitates) was investigated using dif-
ferent TEM techniques: conventional bright field and dark
field observations, electron energy loss spectroscopy
(EELS) experiments and high resolution electron micros-
copy (HREM) observations were performed using, respec-
tively, a JEOL 2010, a FEI CM20-FEG, and a FEI-
SACTEM (Tecnai F20) equipped with a spherical aberra-
tion corrector, all operating at 200 kV. To minimize the fer-
romagnetism effect, the volume of the TEM samples was
reduced to a minimum, as the surface of a sample should
not exceed 1 mm2 for an initial thickness of about
0.5 mm. The samples were ground, mechanically polished
and then thinned down by twin-jet electropolishing using
a solution containing ethanol and butoxyethanol.

To obtain better statistics on the size distribution as well
as the volume fraction of precipitates, SANS experiments
were performed for all grades and heat treatment condi-
tions. Two different experimental conditions were used:
the wavelength k was fixed at 0.6 or 0.9 nm, while the sam-
ple to detector distance (D) was fixed at 2 or 5 m, covering a
scattering vector (q) range of 0.05–1.6 nm!1 (q = 4p sinh/k,
where 2h is the scattering angle, the q range corresponding
to the overlap of the two experimental conditions). Mea-
surements were performed at room temperature, under a
saturating magnetic field H = 1.7 T perpendicular to the
incident neutron beam direction, in order to separate mag-
netic and nuclear scattering cross-sections. The measured
intensities were corrected using standard computer pro-
grams developed in the LLB laboratory for sample trans-
mission, background intensity and detector response [15].
The analysis method has already been reported [16–18].

For multiphase precipitation processes leading to the
coexistence of different types of particles with different
chemical compositions the chemical compositions of nei-
ther each type of precipitate nor the martensitic matrix
can be obtained by SANS experiments, as several hypoth-
eses may emerge from the data. Experimental data are
therefore required on the composition profiles for each
alloying element near the precipitate/matrix interface to
give a better understanding of the mechanisms involved
during nucleation and growth. Consequently, field ion
microscopy (FIM) and atom probe tomography (APT)
were used, as described in detail in Vurpillot et al. [19],
Da Costa et al. [20] and Danoix et al. [21].

3. Results

3.1. Mechanical properties

Fig. 1 shows the positions of the four grades investi-
gated among the different steels devoted to aeronautical



applications in the toughness/tensile strength diagram.
Room temperature ultimate tensile strengths, for a tem-
pering time at 500 !C, are presented in Fig. 2. From these
two diagrams several main conclusions can be drawn.

" Alloy1014 has a tensile strength higher than all the
experimental grades, probably due to the aluminium,
molybdenum and cobalt contents.
" The Ecofree grade has a higher tensile strength com-

pared with both the Ecarb and Einter grades, leading
to the hypothesis that the two types of precipitation
are involved in secondary hardening of the steel. This
particular point is discussed below.
" The Einter grade has the poorest balance of properties.

While the toughness is very close to that of the Ecofree
and Alloy1014 grades, the tensile strength is lower.
However, this is not unexpected, considering the fact

that the latter property approximately reaches the max-
imum tensile strength measured in low carbon martens-
itic stainless steels containing b-NiAl particles [22,23].
" Alloy1014 has the best balance of properties after treat-

ment for 4 h, which is close to the optimal duration of
treatment, whereas the Ecofree grade presents the best
balance at above 10 h. This effect could be correlated
with the addition of cobalt, which seems to shorten
the tempering process.

For all the investigated grades the tensile strength
reached before the second tempering was of the same order
of magnitude, when compared with the maximum value
(Fig. 2). Moreover, the major part of the gap between
the maximum value and that obtained after the first tem-
pering was filled in the first 10 min of tempering at
500 !C, in spite of the recovery process. Consequently,
the different mechanisms occurring during tempering,
including precipitation, seem to start very quickly in the
early stages of treatment, as described below.

3.2. Precipitation sequence and kinetics: chemical
composition and number density of particles with tempering
time

The precipitation sequence and kinetics during tempering
were determined by SANS and APT for every tempering
time from 10 min to 100 h. XRD and electron diffraction
were also performed to determine the crystallographic struc-
ture of the particles. For durations greater than 10 h the hex-
agonal (MoCr)2C structure was detected in the Alloy1014,
Ecofree and Ecarb grades (Figs. 3 and 4). The measured crys-
tallographic parameters are a = 2.87 Å and c = 4.53 Å,
which means that they lie between the Cr2C and Mo2C car-
bide parameters. M3C carbides containing large amounts
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20nm

Fig. 4. (Left) Bright field TEM image of M2C carbides and (right) the corresponding diffraction pattern for the Alloy1014 grade.

Fig. 5. Synchrotron XRD spectrum for the Ecarb grade for a simple ramp to 400 !C and directly back to room temperature and various tempering times
at 500 !C from (a) 0.34 to 10 h and (b) 100 to 1000 h.

Table 2
Chemical composition (at.%) of (a) the intermetallic phase, (b) the secondary carbides and (c) the martensitic matrix with tempering time for Alloy1014
grade.

Nominal composition 10 min 20 min 1 h 4 h 10 h 100 h

(a) Fe 58 58 57 51 38 28
Ni 24 24 24 28 41 46
Al 18 18 19 21 21 26

(b) C 13a 24b 30c 32d

Cr 10a 25b 33c 39d

Mo 5a 12b 28c 26d

Fe 72a 38b 9c 3d

(c) C 1.08 0.76 0.47 0.20 0.15
Fe 71.1 71.7 75.1 74.1 77.5
Cr 2.5 2.2 2.1 1.6 1.0
Mo 0.9 0.9 0.6 0.6 0.2
Co 9.5 9.7 9.3 10.6 10.9
Al 1.8 1.2 0.7 0.5 0.1
Ni 13.2 13.3 11.8 11.8 9.5

The experimental conditions are detailed in Danoix et al. [21]
a Clusters.
b Far from the M2C stoichiometric composition.
c #M2C.
d M2C.



of iron and chromium were only observed in the Ecarb grade
for tempering times (Fig. 5) shorter than 100 h. The main
conclusions are given for each grade.

" Ecarb grade. Iron carbides were clearly identified by
both TEM observation and synchrotron XRD, whereas
hexagonal M2C carbides containing chromium and iron
were clearly observed for samples tempered for more
than 10 h (Fig. 5).
" Einter grade. A large amount of iron was measured by

APT analysis in the intermetallic phase in the Einter,
Ecofree and Alloy1014 grades (see Table 2 for the results
obtained for Alloy1014). Furthermore, very fine b-NiFe-
Al-type particles were observed and identified by TEM
and SAED for tempering durations of 10 h and more
(Fig. 6). These ordered particles were also observed for
shorter tempering durations, although it was not possi-
ble to obtain a clear diffraction pattern (1 or 2 nm sized
particles with the same structure with very similar
parameters compared with the matrix). For longer tem-
pering times (100 h) it was clearly established that the
precipitates were fully coherent with the martensitic
matrix, with the relationship h100ia//h100iNiFeAl.

" Ecofree. Transition e carbides were identified in the
early stages of precipitation (interrupted tempering).
Nevertheless, these particles were unstable, as no iron
carbides (e or cementite) were found by XRD analysis
after a few hours tempering. Both b-NiFeAl and M2C
particles were observed. Each type of precipitate seemed
to be in a similar qualitative configuration (number den-
sity, shape) as if they had precipitated in a single precip-
itation specimen.
" Alloy1014. The same conclusions were drawn as for the

Ecofree grade concerning iron carbides (Fig. 7). Fully
coherent spherical b-NiFeAl-type particles and semi-
coherent M2C carbides with a Pitsch–Schrader relation-
ship to the matrix were observed using HRTEM
(Fig. 8).

The APT technique is particularly crucial in determining
the chemical compositions of the particles and matrix accu-
rately (see Table 2). Notably, the local composition near
precipitates can also describe the interface partition of
alloying elements. Regarding Alloy1014, after a tempera-
ture ramp to 200 !C, 300 !C and 400 !C strong segregation
of carbon was observed and the carbon content of the

Superstructure spot 

Fig. 6. (Left) Dark field TEM image of b-NiAl particles and (right) the corresponding diffraction pattern for the Alloy1014 grade.

Fig. 7. Synchrotron XRD spectrum for the Alloy1014 grade for a simple ramp to 400 !C and directly back to room temperature and various tempering
times at 500 !C from (a) 0.34 to 4 h and (b) 4 to 1000 h.



matrix was about half the nominal composition. Other ele-
ments remained in solid solution. This strong local segrega-
tion of carbon was due to dislocations inherited from the
quench, as has been widely discussed in the literature since
the original work of Speich [24]. Molybdenum–chromium
M2C carbides were not observed (Table 2). After tempering
at 500 !C for 1 h carbides were still difficult to detect.
Indeed, only atomic clusters could be observed after 4 h,
with local variations in the carbon as well as chromium
and molybdenum contents. After 10 h or more (Figs. 3,
4, 7 and 8) (MoCr)2C particles had clearly precipitated.
As far as intermetallic precipitation is concerned, the kinet-
ics was extremely fast, as a ramp to 500 !C resulted in
intense nucleation and growth leading to a volume fraction
of 2%. This percentage rose to nearly 5% after 10 min tem-
pering (Figs. 9 and 10). Analysing the chemical composi-
tion of the intermetallic phases, a large amount of iron
was found for each tempering condition. Moreover, alu-
minium and nickel enrichment with increasing tempering
time was observed (Table 2).

For the Ecarb grade, a significant volume fraction of
precipitates was measured by SANS after 10 min temper-
ing. The size of nanoparticles for the industrial treatment
(10 h tempering) was 1.5 nm and the corresponding volume
fraction reached nearly 1.8% (the maximum volume frac-

tion was 2.7%). These particles were clearly identified as
being very rich in chromium and molybdenum (M2C). Pre-
cipitation of a NiFeAl intermetallic phase was observed for
the Einter grade. This precipitation was also identified after
10 min tempering. The mean size of samples tempered for
10 h was 2 nm and the corresponding volume fraction
was 7.2%, the maximum.

The precipitation kinetics were compared for the two
types of precipitates in the different grades. Fig. 10 shows
a comparison of the kinetics of FeNiAl and M2C precipita-
tions in the Einter and Ecarb grades. Equivalent radii, vol-
ume fractions and number densities were compared. No
significant differences in mean radius were observed for
tempering durations less than 10 h. At 100 h the results
obtained by SANS and ATP are less relevant because the
particles become too large to obtain reasonable measure-
ments by either technique. However, considering the vol-
ume fraction of carbides with increasing tempering time
two stages could be defined. The first stage led to rapid pre-
cipitation. The corresponding volume fraction reached
nearly 1%, but without any certainty from these two tech-
niques as to whether this first stage was due to carbon clus-
ters, as suggested by the APT results (see below), or to the
precipitation of transition iron carbides. The second stage,
leading to a volume fraction close to 3%, was slower and

Fig. 8. (a) HRTEM image of a M2C carbide and (b, c) the corresponding FFT analysis for (b) the matrix and (c) the carbide.

15x15x23nm3 15x15x23nm3 11x11x23nm3 6x6x23nm3 10x10x23nm3

Fig. 9. APT analyses of the NiFeAl particles in the Alloy1014 grade tempered at 500 !C for 10 min, and 1, 4, 10, and 100 h (from left to right). Individual
dots correspond to atoms in NiFeAl particles.



was clearly due to the precipitation of molybdenum–chro-
mium M2C-type secondary carbides. Conversely, the pre-
cipitation kinetics of FeNiAl particles seems to be faster
than that of carbides (the volume fraction at saturation
was reached after a shorter tempering time). The measure-
ments after 10 min tempering already showed a significant
volume fraction compared with the saturation value for
both carbides and the intermetallic phase, between one-
third and half of the saturation value. The first statement
that can be made concerning the mechanical resistance is
that the tensile strength does not exceed 1450 MPa when
only one type of precipitation occurs (grades Ecarb and
Einter).

Comparable precipitation kinetics for the two types of
precipitate were obtained for the Alloy1014 grade, but with
faster growth of the M2C carbides compared with the
Ecarb grade (Fig. 11). This effect could be due to the cobalt
content, which is known to increase the driving force for
precipitation by increasing the activity of carbon in ferrite
[4,25–27]. In addition, cobalt also increases the activity of
molybdenum in ferrite [28]. Due to magnetic interaction,
the addition of cobalt to ferrite increases the chemical
potential of the alloying elements (Co dramatically
increases the Curie temperature). For instance, the solubil-

ity of molybdenum in ferrite is greatly decreased as the
cobalt content increased. This second effect of cobalt also
contributes to enhance the precipitation of a denser distri-
bution of M2C carbides. Fig. 11 shows the kinetics of
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precipitation of M2C carbide in the grades Ecarb, Ecofree
and alloy1014. A clear shift towards short tempering times
was observed for Alloy1014 compared with the other two.
Fig. 12 shows the evolution of particle number densities vs.
tempering time. A factor of 10 gap was found between the
number densities of intermetallic and carbide particles for
Alloy1014. In addition to the difference in the number den-
sity of particles, interaction between the precipitates and
dislocations could be another relevant hypothesis to
explain the very high strength of double precipitation
steels. Depending on the particles considered, as well as
the crystallographic relationship with the matrix, the mech-
anisms involved in the interaction (bypassing or shearing)
are critical and have been identified by several authors
[29,30]. Conversely, the spatial distribution of particles
within the martensitic matrix (homogeneous or heteroge-
neous), which also influences the deformation micromech-
anisms, still needs to be precisely analysed.

3.3. Distribution of precipitates within the martensitic matrix

TEM observations were mainly devoted to analysing the
homogeneity of the particle distribution within the mar-
tensitic matrix, which was mainly dependent on the sites
of nucleation of the different types of precipitation.

Regarding the Ecarb grade, dislocations are preferential
sites for carbide nucleation, as different authors have
already shown, and thus only a relatively homogeneous
distribution can be obtained. Moreover, depending on
the chemical composition of the steel, mainly the carbon
content, molybdenum–chromium carbide precipitation
may be influenced by the partial dissolution of iron car-
bides, either by in situ nucleation or by releasing alloying
elements and carbon into the matrix. Thus the distribution
of M2C precipitates is strongly linked to the metastable
cementite precipitates. The cementite particles are quite
coarse, and heterogeneously distributed (partly precipitat-
ing at the lath boundary), therefore limiting the toughness
of many ultrahigh-strength martensitic steels [10,31]. Con-
versely, TEM observations of the Einter grade (Fig. 13)
show numerous intermetallic NiFeAl particles that are very
homogeneously distributed in the martensitic matrix. This
result can be easily explained by the low carbon content,
exactly as in maraging steels, and the subsequent low den-
sity of dislocations generated during quenching. Conse-
quently, the high number density of NiFeAl precipitates
is presumed to nucleate homogeneously, inducing more
uniformly distributed spherical precipitates. When both
populations are involved in the strengthening (Ecofree
and Alloy1014) the distribution of intermetallic particles
seems to be similar to that found in the Einter grade. The
general configuration of M2C carbides observed by TEM
for long tempering times does not seem to be significantly
modified either.

The FIM analyses were in total agreement with the
TEM observations [21]. Indeed, it has been shown in a pre-
vious work [21] that the precipitation of an intermetallic
second phase affects the nucleation mechanism and the spa-
tial distribution of the secondary hardening carbides. The
nucleation turns from heterogeneous on dislocations to
heterogeneous on NiAl particles, resulting in a homoge-
neous spatial distribution of the carbides in the matrix.
On the other hand, cementite particles were not detected
in the Alloy1014 and the Ecofree grades. The tempering
process seems to be divided into three stages, as described
in Fig. 14: carbon segregation on dislocations produced
during quenching, then the formation of carbon- and
chromium-enriched clusters and, finally, precipitation of
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Fig. 12. Comparison of the M2C and NiFeAl number densities in the
Alloy1014 grade with tempering duration. Data obtained by SANS [18].

Fig. 13. (Left) Bright field and (right) dark field TEM images and the corresponding diffraction patterns showing the distribution of NiFeAl particles in
the Einter grade (the same martensitic lath with a shift to the right (about 300 nm) between the bright field and dark field images).



secondary alloyed carbides. As absolutely no iron carbides
are involved in the precipitation sequence and as a better
spatial distribution of carbon is observed during the second
stage (cluster formation), the mechanism involved is very
far from the conventional sequence, which includes the for-
mation of cementite.

4. Discussion: developing cementite-free steels, a relevant
route to improving the strength–toughness balance

The mechanical properties of steels containing a single
precipitate of carbides or intermetallic compounds are well
known. The yield strength of steels containing secondary
carbides can be very high, but at the expense of ductility,
Charpy impact energy and fracture toughness. This bal-
ance is partly due to the high number density of secondary
carbides, the mode of crossing of particles by dislocations
and the distribution of precipitates. The heterogeneous dis-
tribution of coarse cementite and secondary carbides con-
tributes significantly to limiting the toughness. On the
other hand, the yield stress of maraging steels containing
b-NiFeAl precipitates remains close to 1300–1500 MPa at
room temperature, whereas toughness may reach values
comparable with or higher than those of conventional
steels. Therefore, the general assumption that the extremely
high number density of NiFeAl precipitates (compared
with secondary carbides) predominantly contributes to
steel strengthening in double precipitation steels is not rel-
evant. This hypothesis would suggest that every precipitate
constitutes an equivalent obstacle to dislocations, which is
definitely not correct. This set of properties is connected to
shearing of the coherent particles by dislocations, as well as
the much more homogeneous distribution of the precipi-
tates. Thus it becomes evident that a combination of the
advantages of the two types of precipitate would be bene-
ficial to the balance of properties.

From the mechanical properties obtained compared
with those reported in the literature for steels hardened
by molybdenum–chromium M2C carbides (AF1410 and

Aermet) and by NiAl particles (maraging steels) it can be
deduced that M2C precipitation is crucial to achieving a
mechanical resistance above 2000 MPa, as it is impossible
to obtain this level with the intermetallic phase alone. As
a consequence, the excellent mechanical strength obtained
in the double precipitation grades is due to the more homo-
geneous distribution of molybdenum carbides in the mar-
tensitic matrix. Although the mechanism is not fully
identified, particularly during the early stages of tempering,
the intermetallic phase, which precipitates with fast kinet-
ics, influences the secondary carbide distribution. The term
“assisted precipitation” seems most appropriate, as the
mechanism is completely different from the precipitation
of carbides of the supersaturated alloying elements in the
bulk, due to dislocations produced during quenching, or
from unstable iron carbide particles (in situ nucleation).

The precursor steels to the GE1014 and Alloy1014
grades developed for aeronautical applications (for
instance AF1410 and Aermet 100, 310 and 340) and which
contained a single precipitate of molybdenum carbides also
achieved better fracture toughness. For these grades the
analyses also showed the absence of cementite particles
during the tempering process [4,6], thus removing brittle
crack paths. Therefore, the suppression of cementite pre-
cipitation in the tempering sequence should not be related
merely to intermetallic phase co-precipitation, with a few
other options being investigated. This will be discussed in
the next paragraph. Finally, the main conclusion here is
that developing cementite-free steels seems to be one of
the most relevant and effective routes to improving the
strength–toughness balance. Creating a short path in the
conventional precipitation sequence is quite an old idea
but it has still been insufficiently explored.

How to eliminate iron carbide precipitation during the
tempering process?

The first suggestion is based on the considerable work of
Speich [24,31] and consists of limiting the carbon content.

(a) after few seconds (b) after few minutes 

(c) after 100 hours 
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Fig. 14. Evolution of the carbon and chromium distributions within the martensitic matrix with tempering time at 500 !C for the Alloy1014 steel (3DFIM
analysis, box dimensions approximately 50 $ 50 $ 100 nm).



From the literature available at the time of publication the
usual description of tempering suggested that the martens-
ite obtained after quenching could be regarded as a carbon
supersaturated ferrite. The carbon is almost immediately
released during tempering of a ferrite, which recovers sta-
bility from a thermodynamic point of view. Thus, iron car-
bide formation was thought to be almost instantaneous,
since the limit of solubility of carbon in a-iron given by
the phase diagram is negligible. Speich showed that it
was necessary to take into account the density of disloca-
tions resulting from quenching. Indeed, carbon atoms tend
to diffuse to the dislocations (pipe diffusion) provided that
the carbon concentration is not too high (less than 0.2 wt.%
for tempering temperatures lower than 150 !C). It was then
possible to specify the difference between tempered mar-
tensite and ferrite, since precipitation is absent for steels
with moderate carbon contents, as almost all carbon atoms
are segregated in the Cottrell atmosphere [24,32]. At higher
temperatures the thermally activated rearrangement of dis-
locations [33,34], which causes the release of carbon, results
in the precipitation of iron carbides in plain carbon steels.
In alloyed steels the rapid precipitation of very small inter-
metallic particles would be favourable to maintaining the
structure of dislocations, and therefore carbon segregation,
at higher tempering temperatures. The direct precipitation
of M2C carbides, without precipitation of iron carbides,
can also be supported, taking into consideration the influ-
ence of alloying elements, such as silicon and aluminium,
which delay cementite precipitation at higher tempering
temperatures [35,36]. This effect can be so strong for an
aluminium content of around 1 wt.% that cementite is
absent from the sequence, and the M2C carbide directly
nucleates at the dislocation sites, as already suggested by
Olson [4] for AF1410 steel.

The role of cobalt in Alloy1014 steel is not clearly under-
stood, as no experimental results (TEM, SANS or APT)
showed significant differences in the microstructure of
grades containing cobalt from those that did not. From
the literature [4,25–28] the addition of cobalt should result
in retention of the dislocation substructure at higher tem-
peratures, thus limiting recovery and inducing the forma-
tion of a finer dispersion of the alloy carbides
heterogeneously nucleated at dislocation sites. Moreover,
since cobalt raises the activity of both carbon and molybde-
num in ferrite, decreasing the solubility of the alloy carbide,
supersaturation increased and, thus, the nucleation rate
was enhanced. This description from the literature is in
agreement with SANS results, as a clear shift in the kinetics
of carbides at shorter tempering times was observed for
Alloy1014, compared with the Ecofree grades. Cobalt addi-
tion also contributes to suppressing the precipitation of
cementite particles by introducing an extremely dense and
rapid precipitation of fine particles early in the tempering
process.

Results obtained by SANS and APT showed that the
kinetics of precipitation of NiFeAl particles are very fast.
This is in agreement with the literature, which reported

very rapid nucleation (less than 1 min at 500 !C [3]) due
to nickel and aluminium supersaturation in the martensitic
structure. Furthermore, the APT analyses revealed that the
molybdenum and chromium contents in the intermetallic
compound were negligible. Consequently, rejection of these
two elements from the particle seems to be a reasonable
hypothesis, which is supported by the literature [23] on a
steel containing a higher content of chromium (13 wt.%).
In fact, the reported effect of Mo and Cr segregation at
the interface is still a subject of debate, and the release of
alloying elements (Mo and Cr) at the NiFeAl particle inter-
face has not been experimentally observed in every study
[37]. However, the in situ nucleation of M2C carbides from
the intermetallic particles, which has been clearly shown
[21], may be explained by a mechanical interaction instead
of a chemical mechanism. The local stress field and the
associated distortion induced by coherent NiFeAl precip-
itation may also influence the nucleation of M2C car-
bides. The essential difference in the precipitation
sequence, compared with conventional steels, lies in
direct M2C nucleation starting from NiFeAl particles.
As previously mentioned, cementite is a coarse, heteroge-
neously distributed phase which is not very effective in
limiting steel recovery during tempering, notably because
the poor stability increases the temperature. In the case
of double precipitation steels the first strong influence
of the rapid, intensive and homogeneous nucleation of
intermetallic particles is that it limits martensite recovery
during tempering by reducing the decrease in dislocation
density. The homogeneous distribution of secondary car-
bides, associated with a higher density of dislocations,
results in a huge increase in the mechanical resistance,
which reaches 2300 MPa for specific heat treatment
conditions.

5. Conclusion

To improve the balance between mechanical strength
and toughness, double precipitation steels containing
nanometric (MoCr)2C and NiFeAl secondary precipitates
were developed. In order to explain the advantageous
balance of properties obtained, two experimental grades
were also manufactured with a single precipitate of car-
bides and intermetallic compounds, respectively. Volume
fractions, number densities, chemical compositions and
the distribution of particles in the martensitic matrix
were determined according to the tempering duration at
500 !C using SANS, APT, TEM and XRD experiments.
The main results can be summarised as follows.

" The excellent mechanical properties are mainly due to a
more homogeneous distribution of (MoCr)2C carbides
in the martensitic matrix, combined with very rapid pre-
cipitation of a high number density of NiFeAl particles,
limiting recovery of the steel during tempering. The suf-
ficient toughness is explained by the removal of hetero-
geneously distributed and coarse iron carbides.



" The interaction between the two types of particle is due
to rapid precipitation of the intermetallic compound,
which affects the nucleation of carbides. Indeed, the
intermetallic particles become the main nucleation site
of secondary carbides, instead of nucleation generally
influenced by dislocations and iron carbides. This mech-
anism can be supported by both carbon segregation on
dislocations and the high aluminium content, which
causes a shift in the precipitation kinetics of cementite
for longer tempering durations. The addition of cobalt
contributes to raising the mechanical strength of double
precipitation steels by increasing the carbide nucleation
rate and then introducing an extremely dense and rapid
precipitation of fine particles early in the tempering
process.
" The most relevant way to modify the mechanical

strength/toughness balance in martensitic steels is to
avoid cementite precipitation during the tempering pro-
cess. This goal can be achieved by introducing extremely
rapid and fine precipitation in the early stages of temper-
ing. Other intermetallic phases, as well as copper, are
now being studied. In the same way various carbide-
forming elements are also being investigated, particu-
larly for high temperature applications.
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