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ABSTRACT

A technique for the microstructural study of steels, based on the use of matrix dissolution to collect the
very low number density precipitates formed in martensitic steels, has been considerably improved. This
technique was applied to two different grades of alloy, characterized by high nickel and cobalt contents
and varying chromium, molybdenum and vanadium contents. The technique was implemented at tem-
peratures ranging between 900 °C and 1000 °C, in order to accurately determine experimental data
including the crystallographic structure and chemical composition of the carbides, the carbide solvus
temperatures, and variations in the chemical composition of the matrix. These experimental investiga-
tions reveal that the solubility of molybdenum in FCC carbides can be very high. These results have been
compared with the behavior predicted by computational thermodynamics, and used to evaluate and
improve the thermodynamic Matcalc steel database. This upgraded database has been validated on three
other steels with different chemical compositions, characterized by the same Fe-Cr-Mo-V-C system.
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1. Introduction

Complex heat treatments are often applied to martensitic steels,
to obtain the required mechanical properties, in particular yield
stress or fracture toughness. As widely described in the literature,
these properties and the service life of martensitic steels, are
closely related not only to the chemical composition and crystallo-
graphic structure of the precipitates formed during tempering, but
also to the presence of undissolved carbides during austenitization
[1-4]. These precipitates are needed to control austenitic grain
growth [4,5]. However, at too low austenitizing temperatures, sig-
nificant quantities of undissolved carbides remain in the matrix,
resulting in a reduction of the steel’s crack propagation resistance
[6-10]. The highest possible proportion of these carbides and asso-
ciated chemical elements must therefore be dissolved, in order to
avoid this effect and to promote the nucleation of secondary
nano-scale precipitates during subsequent tempering [11,12].

Various analytical advanced techniques such as transmission
electron microscopy (TEM), atom probe tomography (APT) or small
angle neutron scattering (SANS) can be applied to the study of pre-
cipitates. However, in the present case, these techniques are not
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entirely suitable for the accurate quantification of precipitation
into the bulk material, due to the very low quantity of precipitates
present in the matrix during austenitization. Moreover, except for
a very limited volume (few nm?), the matrix composition cannot
be determined at the austenitizing temperature using these tech-
niques. This is a considerable drawback for the different precipita-
tion stages, since the austenite composition has a direct influence
on the secondary nanometric precipitation produced by tempering.
In order to study the scattered precipitates present in a given ma-
trix, several authors have developed chemical or electrochemical
extraction methods, followed by filtration or centrifugation. Using
these techniques, the precipitation of titanium and niobium carbo-
nitrides in micro-alloyed steels [13], and the precipitation of car-
bides during tempering in hot-work tool steels [11-14] and
ultra-high-strength steels [15] have been studied. However, no
study has been made of the chemical composition of the matrix
components during austenitization. In practice, very high perfor-
mance techniques are needed to analyze the changes in concentra-
tion which occur in alloying elements during austenitization.

The main goal of the present study is to provide experimental
results related to the crystallographic structures and chemical
composition of carbides, as well as to variations in chemical com-
position of the matrix at temperatures above 900 °C, for two mar-
tensitic grades of steel. For this purpose, extraction methods were
adapted to the study of very low density precipitates and very low
changes in atomic fraction.



In the second part of this study, the experimental results have
been used to evaluate and adjust the thermodynamic Matcalc
steel databases [16] for applied austenitization computations.
The upgraded database was thus validated for three other types
of steel with different chemical compositions in the same multi-
component chemical system.

2. Materials and experimental method
2.1. Investigated steels

Two different grades (MoV and MoMoV) of steel, with a high nickel and cobalt
content and differing chromium, molybdenum and vanadium contents were stud-
ied. The nominal compositions of these alloys, in atomic percent, are provided in
Table 1.

The heat treatment involves austenitizing for 1 h, followed by air quenching.
The austenitizing temperatures studied for each steel grade were 900 °C, 925 °C,
950 °C and 975 °C. In [17], Epp et al. have determined the carbide volume fraction
and the austenite lattice parameter, as a function of the austenitizing time, at four
different temperatures. In this study [17], it was shown that the carbides came very
close to thermodynamic equilibrium after 1 h of treatment.

2.2. Experimental method

In this section, a description is given of the experimental method used to study
the precipitates. The diagram provided in Fig. 1 outlines the experimental steps,
starting with chemical dissolution of the matrix by means of centrifugation, and
ending with the use of various analysis techniques allowing the size, morphology
and chemical compositions of the precipitates to be determined.

2.2.1. Precipitate extraction

The carbides and/or nitrides were extracted by chemical dissolution of the ma-
trix, in a modified Berzelius solution at room temperature [18]. Several authors
have used this method to study titanium and niobium carbonitrides in micro-al-
loyed steels [13], or carbide precipitation during tempering in hot-work tool steels
[11-14] and ultra-high-strength steel [15]. In the present case, a 20 g sample was
dissolved in a 500 ml modified Berzelius solution. After dissolution, the solution
was centrifuged for 40 min by a Beckman Coulter Avanti J-30I centrifugal machine
equipped with a JA-30.50Ti rotor. With this machine, the solution is subjected to a
radial acceleration of approximately 110 000g, leading to the extraction of nano-
scale precipitates. The resulting powder was dried for 12 h.

2.2.2. X-ray diffraction (XRD) analyses

The crystallographic structure of the precipitates was determined by XRD, using
a Panalytical X'Pert PRO diffractometer equipped with a Cu radiation source
(4Ko = 0.154 nm) and a diffracted beam monochromator to avoid iron fluorescence.
Phase identification was achieved by comparing the diffraction pattern of the
experimental powders with reference JCPDS patterns.

2.2.3. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) analyses

The chemical compositions of the carbides and the matrix were determined by
ICP-OES.

The powders collected following centrifugation were chemically mineralized
for the purpose of these analyses. Standard ranges, including 8 multicomponent
solutions, were prepared in order to cover the expected carbide element fraction
of each alloying element.

The solutions collected after centrifugation were totally free of precipitates, and
the same experimental setup was used to evaluate the chemical composition of the
matrices.

3. Experimental results
3.1. Crystallographic structures of the precipitates

The crystallographic structures of the precipitates was deter-
mined using XRD, following chemical extraction and centrifuga-

Table 1
Chemical composition of the studied steels (at.%).
C Cr Mo \% Ni Co Al
MoV-alloyed 0.93 2.56 0.42 033 13.21 9.46 1.84

MoMoV-alloyed 1.05 3.55 0.86 0.27 12.20 5.38 3.47

Chemical matrix dissolution
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Precipitates

XRD
Dissolution )
l cristallography
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chemical composition size, morphology chemical composition

Fig. 1. Flow chart of the experimental method.

tion. The lattice parameter accuracy was 1.1 pm (0.6 pm for the
experimental accuracy, and 0.5 pm for the instrumental accuracy).

3.1.1. MoV-alloyed steel

Fig. 2 shows the XRD profiles of the precipitates extracted from
the MoV-alloyed steel after austenitizing at 900, 925 and 950 °C. At
975 °C, no carbides could be detected. All of the peaks shown in
these spectra can be indexed in accordance with a face-centered
cubic structure. The lattice parameter was determined to be
0.416 nm. The structure and lattice parameter of the extracted cu-
bic carbide are very similar to the V4Cs structure described in the
JCPDS pattern 1-1159 (quality blank), and to the MoCy 5 structure
described in the JCPDS pattern 15-457 (quality blank). These two
structures have the same space group (Fm3 m) and almost the
same lattice parameter (respectively 0.4160 nm and 0.4155 nm).

3.1.2. MoMoV-alloyed steel

The XRD profiles of the precipitates extracted from the MoMoV-
alloyed steel are shown in Fig. 3 for each studied temperature. At
900 °C, two different carbides were indexed: orthorhombic Cr;Cs
carbides (JCPDS pattern 36-1482, quality star), and face-centered
cubic V4C3 (JCPDS pattern 1-1159) or MoCys (JCPDS pattern 15—
457) carbides. Above 925 °C, only face-centered cubic carbides
were detected. The solvus temperature of the Cr,Cs carbides thus
ranges between 900 and 925 °C. The lattice parameters measured
for the Cr,Cs; carbides were a=0.717nm, b=1.215nm and
¢ =0.450 nm and the lattice parameters measured for the face-cen-
tered cubic structures ranged between 0.416 nm (950 and 975 °C)
and 0.419 nm (900 and 925 °C). These lattice parameters are very
close to the JCPDS patterns of both MoCy s and V4Cs.

3.1.3. Discussion

With the exception of the orthorhombic Cr;Cs carbides indexed
in the MoMoV-alloyed steel, after 1 h of heat treatment at 900 °C,
the face-centered cubic carbides were indexed with very close lat-
tice parameters for all studied temperatures for the investigated
steels. However, changes in the peak’ intensities are know to be re-
lated to a change in the carbide’s chemical composition and/or car-
bon under-stoichiometry.

In the case of MoV-alloyed steels, the carbides are very close to
the V4Cs carbides described in the JCPDS pattern 1-1159, and the
most intense peak corresponds to the (200) plane, whereas the
carbides extracted from the MoMoV-alloyed steel are closer to
the MoCy s carbides described in the JCPDS pattern 15-457. More-
over, the most intense peak corresponds to the (111) plane (Ta-
ble 2). From these results, two different types of cubic carbide
appear to be present in each steel.
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Fig. 2. Reference JCPDS patterns and XRD profiles (relative intensities) of precipitates extracted from the MoV-alloyed steel.
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Fig. 3. Reference JCPDS patterns and XRD profiles (relative intensities) of precipitates extracted from the MoMoV-alloyed steel.

Table 2
Average relative intensities for the three steels and JCPDS patterns.
(111)  (200)  (220) (311)  (222)
MoMoV-alloyed 100 91.2 60.2 45.7 19
MoV-alloyed 79.7 100 514 37.2 17.7
V,4C; JCPDS 1-1159 100 100 50 25 10
MoCy s JCPDS 15-457 100 80 70 70 40

3.2. Chemical composition

In order to better understand the microstructural evolution of
the different grades of steels during austenitization, and to confirm
the presence (or absence) of two different types of cubic carbide,
variations in the chemical composition of the solution were deter-
mined after centrifugation, and the extracted carbides were mea-
sured and correlated with the XRD results.

In the matrix, the Ni, Co, Al and Fe contents remain constant
and close to the nominal contents for both MoV- and MoMoV-
alloyed grades, at all of the studied temperatures. The trends
determined for the Mo, Cr and V are described in the following
section.
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Fig. 4. Mo and V contents in the MoV-alloyed matrix at four different austenitizing
temperatures (at.%).

3.2.1. MoV-alloyed steel

The chromium content remains constant at all austenitizing
temperatures and is close to the nominal chromium content of
the steel. This result is consistent with the XRD results, which indi-
cate that there could be a lack of chromium in the cubic carbides.
The molybdenum and vanadium contents in the matrix of the
MoV-alloyed steel are shown in Fig. 4.



Table 3
V/Mo ratio for carbides extracted
from MoV-alloyed steel.

V/Mo
900 °C 6.2
925°C 6.9
950 °C 26.3

The molybdenum and vanadium contents are seen to increase
when the temperature is increased, which supports the theory of
dissolution of the (V, Mo)C carbides. At 900 °C, the difference be-
tween the nominal and analyzed contents is more pronounced
for vanadium than for molybdenum, suggesting that the carbides
are more strongly enriched in vanadium than in molybdenum. Be-
tween 950 and 975 °C, the molybdenum content remains constant.
It is thus likely that the molybdenum is completely dissolved in the
matrix at temperatures above 950 °C. At 975 °C, the molybdenum
and vanadium contents in the matrix are close to the steel’s nom-
inal composition, such that the (V, Mo)C carbides dissolve into the
matrix. This result confirms our XRD measurements: no carbide
patterns are detected at 975 °C.

The chemical compositions of the carbides obtained at each
studied temperature show that between 900 and 950 °C, MoV-al-
loyed steel carbides contain essentially vanadium (and iron), but
also a small quantity of molybdenum. However, the carbides are
practically molybdenum-free at 950 °C. The ratio between the
vanadium and molybdenum contents (at.%), determined by ICP-
OES analysis, increases as a function of temperature, as shown in
Table 3.

3.2.2. MoMoV-alloyed steel

In the case of the MoMoV-alloyed steel, the molybdenum and
vanadium contents in the matrix increased with increasing austen-
itizing temperature and higher levels of carbide dissolution (Fig. 5).

Between 925 and 975 °C, the chromium content in the matrix
remains constant and close to the steel’s nominal composition,
whereas a decrease is observed between 925 and 900 °C, from
3.54 at.% to 3.40 at.%. This result is consistent with the XRD results,
since the Cr;Cs carbides were indexed after austenitizing at 900 °C.
The difference between the nominal and analyzed contents was
similar for the vanadium and the molybdenum. The carbides were
thus more strongly enriched in molybdenum than those observed
in the MoV-alloyed steel.

As described in Section 3.1.2, at 900 °C, two different types of
carbide could be detected: Cr;Cs; and cubic (V,Mo)C. This result is
in agreement with the chemical analyses of the carbides, since
the ICP-OES measurements (Table 4) indicate that all of the corre-
sponding metallic elements (chromium, molybdenum, vanadium
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Fig. 5. Mo and V contents in MoMoV-alloyed matrices at four different austeni-
tizing temperatures (at.%).

Table 4
Chemical composition (at.%) of metallic elements in the carbides
extracted from the MoMoV-alloyed steel after austenitizing at

900 °C.
Cr Mo v Fe
27.14 20.67 37.27 1491

Table 5
V/Mo ratio for carbides extracted
from MoMoV-alloyed steel.

V/Mo
900 °C 1.8
925°C 1.6
950 °C 0.5
975 °C 0

and iron) were present in the particles. From 925 °C to 975 °C,
where only the face-centered cubic carbides are indexed, the car-
bides are vanadium- and molybdenum-enriched. The molybdenum
content is greater than 30 at.%, which is an unusually high value for
cubic carbides. Serna [19] had already observed this type of molyb-
denum-rich face-centered cubic carbide in an M2 high-speed steel
with a very different chemical composition.

Contrary to the MoV-alloyed steel, in the MoMoV steel, the ratio
between the vanadium and molybdenum contents decreases with
temperature (Table 5). Furthermore, this ratio is considerably low-
er in this steel than in the MoV-alloyed steel. The measured varia-
tions in this ratio as a function of temperature are in agreement
with the other experimental results (XRD and chemical composi-
tion variations of the matrix).

3.2.3. Discussion

XRD experiments have revealed two different behaviors for the
peak intensities of cubic carbides extracted from MoV or MoMoV-
alloyed steels. The chemical compositions of the matrix and car-
bides have confirmed this difference. The observed variations in
carbide characteristics with increasing Mo-content in the matrix
was unexpected. Although cubic carbides are only slightly enriched
in molybdenum, in the case of MoV-alloyed steels, the molybde-
num content is considerably higher in MoMoV-alloyed steel. More-
over, the structure of the carbides is the cubic MC type, and not the
hexagonal M,C or cubic MgC type as generally reported in the lit-
erature [20-22]. Furthermore, close to the carbide solvus temper-
atures, two different evolutions are observed: in the case of
MoV-alloyed steel, a low molybdenum content is measured in
vanadium-rich MC type carbides, whereas in MoMoV-alloyed steel
the situation is exactly the opposite and the carbides are totally
free of vanadium at an austenitizing temperature of 975 °C.

These different elements confirm the presence of two different
cubic carbides: V4C3 in MoV-alloyed steel and MoCg s in MoMoV-
alloyed steel. From first-principles calculations, Jang et al. [23]
demonstrated that the consequence of improved stability of MoC
cubic carbides was carbon under-stoichiometry leading to the sub-
sequent MoCy s composition.

These structures have the same space group (Fm3m) and almost
the same lattice parameter (respectively 0.4160nm and
0.4155 nm). Although the molybdenum atom is greater in size than
that of vanadium, this difference is compensated by an increase in
carbon under-stoichiometry. Fig. 6 plots the carbide carbon content,
as a function of the carbides’ molybenum and vanadium contents.

4. Thermodynamic calculations

Calculations were performed for the two alloys, using version
5.44.1012 of the Matcalc software and the following databases:
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firstly, the mc_steel_1.50 database, state of the art prior to the
present study and successfully used in thermo-kinetic precipita-
tion simulations in steel [24], was tested. The experimental results
described in the study were then used to optimize the model
parameters of the Fe-Cr-Mo-V-C subsystem, resulting in an up-
graded mc_fe_v1.028 database.

For each type of steel, the thermodynamic calculations were
performed using the chemical compositions presented in part 2.1
(Table 1) of this paper. The following quantities were computed:

- the carbides’ crystallographic structures between 900 °C
and 1000 °C,

- the variations in the matrix’s chemical composition,
between 900 °C and 1100 °C,

- the variations in the carbides’ chemical composition,
between 900 °C and the solvus temperature.

4.1. Crystallographic structures and solvus of the carbides

Table 6 lists the types of carbides obtained from the Matcalc cal-
culations between 900 and 975 °C, for each steel, using the two
databases. Basically, in mc_fe_v1.028, the fcc-structure is stabi-
lized relative to hcp. Thus, for MoV-alloyed steel, the fcc-type is
predicted when either database is used. For the MoMoV-alloyed
steel, the optimized database correctly proposes the presence of
cubic MC carbides.

Futhermore, with the optimization of the thermodynamic
parameters, the predicted solvus temperatures decrease signifi-
cantly, and are found to be close to the experimental results, as
shown in Table 6.

4.2. Chemical composition
4.2.1. MoV-alloyed steel

When compared with the mc_steel_1.50 database, the opti-
mized mc_fe_v1.028 database indicates a decrease in carbide

Table 6

solvus temperature, in agreement with the chemical composition
variations observed in the matrix. This database predicts variations
in the vanadium and molybdenum matrix content, which are in
good agreement with the experimental results (Fig. 7).

4.2.2. MoMoV-alloyed steel

The mc_fe_v1.028 database also predicts a decrease in the car-
bide solvus temperature, in the case of the MoMoV-alloyed steel.
The vanadium and molybdenum contents computed for the matrix
are in good agreement with the experimental results (Fig. 8). Using
the new mc_fe_v1.028 database, the molybdenum matrix content
is lower than that computed for mc_steel_1.50. This outcome is
associated with stable fcc MC carbides, rather than hexagonal
M,C carbides.

The computed carbide molybdenum contents are given in Ta-
ble 7. In the case of the MoV-alloyed steel, the mc_fe_v1.028 data-
base provides a lower molybdenum content in the MC cubic
carbides. In the case of the MoMoV-alloyed steel, the expected
molybdenum content is lower with the mc_fe_v1.028 database
due to the predicted presence of MC cubic carbides whereas for
the mc_steel_1.50, the precipitation of M,C hexagonal carbides is
predicted.

4.3. Discussion

When the database is optimized on the basis of the experimen-
tal results presented in this paper, a good agreement is found be-
tween the experimental and calculated results, in particular for
the changes in the chemical composition of the matrix, and for
the associated evolution of the MC carbide precipitates.

Different types of carbide have been determined qualitatively,
through the use of simulations. One exception was observed, i.e.
the observed stability of Cr,Cs in MoMoV-alloyed steel after au-
stenitization at 900 °C. As shown in the phase fraction vs. temper-
ature plot obtained with the mc_fe_v1.028 database, fcc is the only
thermodynamically stable type of carbide predicted for both stud-
ied steels under the austenitization conditions considered in the
present study (Fig. 9).

Although the thermodynamic solvus temperature of M,Cs in
MoMoV-alloyed steel is approximately 90 °C higher than that ob-
served in MoV-alloyed, M,C3 remains metastable at 900 °C and,
once formed, should dissolve after sufficient annealing time. It is
assumed that 1 h of austenitizing is sufficient to obtain a close-
to-equilibrium state [16]. However, this may not be true for phases
with a large unit cell, such as M;Cs. Thus, with the exception of
some minor adjustments to the interaction parameter, the thermo-
dynamic model parameters of M,C3 have not been substantially re-
optimized, until such time as it can be determined whether M,Cs
dissolves or remains stable after long-term annealing at 900 °C.

4.4. Validation
In order to validate the modifications made to the thermody-

namic mc_fe_v1.028 database using steels previously studied for
their Fe-Cr-Mo-V-C subsytem, three different steels based on

Comparison of carbide crystallographic structures and solvus temperatures calculated using two databases for the investigated steels.

900 (°C) 925 (°C) 950 (°C) 975 (°C) Solvus temperature (°C)
MoV mc_steel_1.50 FCC-MC FCC-MC FCC-MC FCC-MC 1020
mc_fe_v1.028 FCC-MC FCC-MC FCC-MC 952
Experimental FCC-MC FCC-MC FCC-MC 950-975
MoMoV mc_steel_1.50 HCP-M,C HCP-M,C HCP-M,C HCP-M,C 1051
mc_fe_v1.028 FCC-MC FCC-MC FCC-MC 967
Experimental FCC-MC FCC-MC FCC-MC FCC-MC 975-1000
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Fig. 8. Comparison between computed and experimental molybdenum and vanadium matrix contents in MoMoV-alloyed steel.

Table 7
Molybdenum content (at.%) calculated using different versions of the databases at the studied temperatures.
900 (°C) 925 (°C) 950 (°C) 975 (°C) 1000 (°C)
MoV mc_steel_1.50 12.6 12.0 11.4 10.8 10.3
mc_fe_v1.028 9.3 8.1 7.1 - -
MoMoV mc_steel_1.50 36.8 36.6 36.3 359 35.6
mc_fe_v1.028 19.4 18.7 17.9 - -

the same subsystem were also studied. Table 8 lists the composi-
tion (atomic percent) of these steels, which were slightly modified
with respect to the standard AISI H11 hot-work tool steel [11-14].

After extraction, the crystallographic structures of the precipi-
tates were determined by XRD [11] for the three steels at 970 °C.
The results show that the variations in the carbides’ compositions,
with increasing Mo-content in the matrix, were the same as those
found in the steels shown in Table 2, which contain MC cubic car-
bides but no M,C or MgC carbides. In the NiW steels, molybdenum

is partially substituted by tungsten, which is very similar to molyb-
denum in terms of its chemical properties.

The experimental cristallographic structures were compared
with the results computed for the mc_steel_1.50 database and
the upgraded mc_fe_v1.028 database. These results are presented
in Table 9. For the three steels, the crystallographic structures of
the carbides calculated with the improved database are in good
agreement with experimental results, and predict the precipitation
of MC carbides.
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Fig. 9. Thermodynamic equilibrium phase fractions as a function of temperature, in
MoV (dashed lines) and MoMoV (solid lines) steels, computed for mc_fe_v1.028.

Table 8
Chemical composition of the steels used for validation (at.%).

C Si Mn Ni Cr Mo \ w

Mo-alloyed 150 055 036 008 541 105 050 -
NiMo-alloyed 150 055 035 1.72 550 105 051 -
NiW-alloyed 1.65 057 036 175 562 071 051 0.50

Table 9
Comparison between simulated and experimental results for the crystallographic
structures of carbides.

mc_steel_1.50 mc_fe_v1.028 Experimental
Mo-alloyed M,C MC MC
NiMo-alloyed M,C MC MC
Niw-alloyed M,C MC MC

5. Conclusions

This study presents carbide and matrix content data recorded
during austenitization. Carbide precipitation has been investigated
for two different steels containing vanadium and molybdenum.
The carbide solvus temperature, crystallographic structure, and
chemical composition of the carbides, and the chemical composi-
tion variations of the matrix are now available for these two alloys.

- With the exception of orthorhombic Cr;C3 in MoMoV-
alloyed steel at 900 °C, only face-centered cubic carbides
were observed: V4,C3 in the MoV, and MoCys in the
MoMoV-alloyed steels. Significant molybdenum solubility
was observed in the FCC carbides.

- On the basis of these experiments, the thermodynamic
MatCalc steel database model parameters were optimized
for the Fe-Cr-Mo-V-C system, resulting in improved phase
equilibria predictions for the studied steel grades, as well as
for modified hot-work tool steels AISI H11.

The experimental-approach presented in this paper, which
makes use of separate matrix composition and precipitate chemis-
try quantifications is likely to be very useful for the study of precip-
itation variations in steels.

If applied to other industrial steels or experimental grades, this
could be a promising technique for the acquisition of data needed
for the improvement of thermodynamic databases corresponding
to a wide range of chemical systems.

Finally, it is expected that a similar approach could be used to
adapt this method to the study of other alloys (superalloys, alumi-
num, magnesium).
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