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Solubility of mixed niobium-titanium carbonitrides in commercially relevant High-
Strength Low-Alloy (HSLA) steel was investigated by combined use of electrical re-
sistivity measurements and APT after interrupted quenching from soaking temperatures
between 950 and 1250 °C. Increasing electrical resistivity of the bulk material towards
higher soaking temperatures was proportional to the nominal niobium addition which was
varied between 0.002 and 0.022—0.043—0.085 wt.-%. Correlative APT analysis of the solutes
in the steel matrix showed good agreement with electrical resistivity. Investigating
numerous precipitate particles, APT also derived a precise composition for mixed niobium-
titanium-carbonitrides which constitute the steel microstructure after casting/before
soaking. The scavenging of microalloy elements by insoluble titanium nitrides was cor-
rected by means of combined APT analysis of such precipitate and a quantitative image
analysis for the estimation of the total volume fraction of titanium nitrides.

For the first time, solute and precipitate composition together were used for solubility
calculations of such mixed carbonitrides to derive an experimental solubility product. This
was compared to solubility products of well-established simple carbides and nitrides and
theoretical calculations of the solubility of multicomponent carbonitrides. The large
discrepancy between experimentally derived and modelled solubility emphasizes the ne-
cessity of a robust methodology for the quantification of microalloy precipitation in HSLA
steels.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The controlled dissolution and precipitation of microalloy
carbides and nitrides are of crucial importance in many vari-
ants of thermo-mechanical steel processing. The dissolution
of niobium (Nb) and titanium (Ti) microalloy precipitates
typically occurs during soaking treatment at temperatures
between 1100 and 1250 °C. It depends on the carbon (C) and
nitrogen (N) content whether a microalloy species can be fully
dissolved at a given soaking temperature. The composition of
precipitates strongly affects their solubility [1]. While TiN is
nearly insoluble [2], species of Ti and Nb carbides as well as
the respective carbonitrides require a detailed analysis as to
what degree they can dissolve at a given soaking temperature.
Prior research has revealed that carbonitrides are more
temperature-stable than pure carbides. Full dissolution of
Nb(C,N) particles [3] requires an austenite temperature being
around 130 °C above that necessary for dissolving NbC [4] in a
given HSLA steel composition. The formation of pure NbN
particles is not likely occurring due to the low nitrogen level in
modern HSLA steels. In Nb-Ti dual microalloyed HSLA steels it
is common targeting the Ti content to a near-stoichiometric
ratio with respect to the residual N level. The stoichiometric
Ti:N atomic mass ratio is approximately 3.4. N levels in
modern steelmaking range from 30 to 100 mass ppm, which
accordingly involves Ti additions in the range of 0.01—0.04 wt.-
% in such Nb-Ti microalloy designs.

Complex microalloy compounds can appear as core-shell
structures or as randomly mixed particles. The formation of
a core-shell structures relies on the early precipitation of TiN
particles on which NbC is nucleating and epitaxially growing
at a later stage. This mechanism is supported by hot defor-
mation as was outlined by Ma et al. [5]. The chemical
composition of particle core and epitaxial layer together with
related influencing factors has been described by Craven et al.
[6]. Usually, these composite particles have a relatively larger
size, ranging from a few ten to several hundred nanometers.
Nb involved in such particles does not completely dissolve
even during soaking treatments at 1300 °C. The dissolution of
an epitaxial NbC layer from a TiN core is retarded due to
reduction in the matrix/particle surface area as well as low
interfacial energy between core and layer [7]. According to
Zhang et al. [8] the interdiffusion of C and N at the interface
should result in improved coherency and lower interfacial
energy by generating a TiC/NbC interface in favor of a TiN/NbC
interface. Consequently, such core-shell particles will tie up
part of the added Nb which might not fully redissolve under
standard industrial reheating conditions. Thus, part of the
added Nb might not be available for deploying its metallur-
gical effects during or after hot deformation. On the other
hand, the scavenged Nb, does not enhance the particle num-
ber density available for exerting grain size control during
high temperature treatments but rather increases the size of
pre-existing TiN particles. In fact, the amount and spatial
distribution of these composite particles is fully controlled by
the earlier precipitating TiN.

For sub-stoichiometric Ti additions, residual N is available
to precipitate as Nb(C,N) whereas super-stoichiometric Ti
addition allows forming TiC as well as complex particles such

as (Nb,Ti)C or (Nb,Ti)(C,N). These complex compounds have
an increased temperature stability [6,9,10] due to the mixing
entropy contribution and are therefore less soluble than the
simple variants. However, also other alloying elements influ-
ence the solubility of microalloy precipitates. It has also been
reported that Mn, Mo and Cr increase the solubility of Nb(C,N)
whereas Si and Ni decrease it [11-13].

A recent study by the present authors [14] using atom
probe tomography on low-carbon steel with various Nb
addition levels identified complex precipitates showing a
mixed distribution of Nb, Ti, C and N atoms without
comprising a core-shell configuration. Itis assumed that these
Nb-rich particles precipitate at lower austenite temperature
involving residual Ti that was not tied up in TiN particles. The
spatial distribution of such mixed (Nb,Ti)(C,N) particles is
more homogeneous in contrast to the ribbon-like aligned TiN
particles typically precipitating in segregation zones towards
the end of the solidification stage. Other authors also
confirmed a homogenous elemental distribution in mixed
(Nb,Ti,V)(C,N) interphase precipitates [15]. Although a mixed
(NDb, Ti)(C,N) compound is less stable than a TiN-NbC core-shell
particle, it does have an increased temperature stability over
that of binary carbides due to a configurational entropy
contribution. The configurational entropy contributions from
both Ti/Nb mixing, and N deficiency significantly reduce the
particle's free energy especially at high temperatures. Hence,
such multi-component precipitates could additionally
contribute to grain size control under austenite temperatures
at which binary compounds (NbC, TiC) are already in the state
of dissolution. This contribution is particularly relevant dur-
ing high temperature slab soaking (1200—1270 °C) or long-time
carburizing treatments (980—1050 °C) as well as during weld-
ing in the near-fusion line area (1250—1350 °C). It is, thus,
desirable to develop a reliable solubility product for such
complex compounds.

Different experimental approaches for determining the
amount of solute microalloy elements have been used. A
popular method is the dissolution of the steel matrix and
subsequent chemical extraction of the residual microalloy
compounds [16,17]. The comparatively large volume of steel
dissolved allows a higher amount of precipitates to be
analyzed by transmission electron microscopy (TEM) or X-ray
diffraction (XRD) [17] or by inductively-coupled plasma mass
spectroscopy (ICP-MS) [16]. The disadvantage of the chemical
extraction method is that an unknown proportion of pre-
cipitates is lost due to acid attack and during the various
stages of centrifugation and filtering [18]. Extraction also has
its limits on determining the chemical composition of pre-
cipitates. Notable improvement is achieved by the addition of
single-particle ICP-MS [19] or the analysis of extracted pre-
cipitates in atom probe tomography (APT) [20]. However, those
techniques are still experimentally challenging.

The electrical resistivity of the steel matrix is highly sen-
sitive to the content of solute alloying elements, second pha-
ses as well as the underlying defect microstructure. This is
formulated in Matthiessen's rule, where the different contri-
butions are summed up. Assuming the simplification that
dilute solutes are acting as independent scattering centers,
the change of resistivity is proportional to the individual
element concentrations. The change of electrical resistivity in
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steel of identical microstructure allows thus tracing the
different dissolution state of precipitates as was shown for Cu
[21], C [22] or Nb [14,23—25]. Regarding practical cases, it may
be desirable to quantify absolute solute amounts rather than
monitoring relative changes in the solute content [22,26].
Atom probe tomography (APT) is a powerful technique for
directly measuring the solute content because of its ability to
analyze microstructural features with atomic resolution.
Performing the APT analysis in a matrix area free of pre-
cipitates and atom clusters allows tracing the amount of so-
lute species [14,27—29]. Local variations in the solute content
caused by segregation however can disturb the measured
result [30,31].

A review by DeArdo [32] suggests that electrical resistivity
and APT measurements allow analyzing the solubility
behavior of NbC in austenite with relatively high precision.
Other techniques tend overestimating the solubility by not
taking precipitate size into account or by assuming idealized
precipitate compositions and distributions. The present au-
thors recently characterized the progress of strain-induced
precipitation of Nb by deriving the amount of solute Nb from
electrical resistivity measurements and characterizing
precipitate-free regions in the steel matrix by APT [14]. A good
correlation between the results of both methods was found.

The aim of the present study is to quantitatively analyze
the dissolution behavior of mixed (Nb,Ti)(C,N) precipitates
over a range of soaking temperatures from 950 to 1250 °C
using the electrical resistivity method. For the alloy variant
with the highest Nb addition (0.085 wt.-%), APT was addi-
tionally employed to quantitatively characterize the compo-
sition of the precipitate population before soaking treatment
and to cross-check the amount of solute Nb present in the
precipitate-free matrix area of selected temperatures. A cal-
culus correcting the results for the insoluble amount of Nb
tied up in initial TiN particles has been implemented as well.
The corrected data of solute Nb content over the considered
austenite temperature range were then utilized to derive a
solubility product for mixed (Nb,Ti)(C,N) particles.

2. Experimental
2.1. Sample production

Laboratory heats of Nb-Ti dual-microalloyed HSLA steels were
produced with the alloy compositions shown in Table 1. Those
values are the average of each 24 measurements measured by
optical emission spectroscopy (OES), where measurement
spots were around 2 mm large and 35 mm apart from each
other. By keeping the base alloy composition nearly constant,
only the Nb microalloy additions were intentionally varied to

values of 0.002 (nominally Nb-free), 0.022, 0.042 and 0.085 wt.-
% denoted as Nb0+Ti, Nb2+Ti, Nb4+Ti and Nb8+Ti, respec-
tively. Isothermal soaking treatments were performed to
dissolve microalloy precipitates present in these steels. Oven
temperatures ranged from 1250, 1200, 1150, 1100, 1050 to
950 °C with the intention to produce sample conditions
ranging from all precipitates fully dissolved over to fully
precipitated. Subsequent APT measurements of respective
sample conditions with the highest Nb addition (Nb8+Ti)
confirmed full dissolution at 1250 °C, whereas little Nb was left
in solution at 950 °C. To mimic the industrial process of slab
reheating, sample steel cubes with 30 mm edge length were
heated in a chamber oven with a heating rate of roughly
5—6 °C/min to the desired isothermal holding temperature.
After holding for 30 min, the sample microstructures were
arrested by interrupted quenching in water. Bars of
28 x 5 x 5 mm® were machined from the center of the
samples.

2.2. Electrical resistivity

Prior to electrical resistivity measurements, the samples were
ground up to 1200 grid and deoxidized with citric acid solution
to remove any surface contamination. Electrical resistivity of
different sample states was derived by placing the steel bars in
a DC circuit using a source meter (Keithley 2400) and
measuring the voltage drop along the sample using a micro-
voltmeter (Keithley 2000). Placing the potential points of the
voltage measurement connectors 12 mm apart with each
connector 6 mm from the bar center, it was assumed to ensure
exclusion of outer regions of the steel that was subjected to
oxidation or decarburization inside the oven atmosphere. The
voltage drop was measured for currents varied between 0 and
1 Ain 0.2 A steps at an ambient temperature of 21 + 0.2 °C.
Thermo-electric effects that bias the voltage measurements
have been eliminated by voltage summation of inverse cur-
rent polarities. The resistivity was then calculated from the
linear regression of voltage vs current multiplied with the
cross-section of the sample bar and divided by the length
between the voltage potential points. The cross section is
taken as the average multiple of width and length along the
sample bar between the potential points measured with a
micrometer screw gauge (Mitutoyo, Kawasaki, Japan). The
propagated uncertainty of a single resistivity measurement
equaled 0.2 nQm. Each resistivity data point is the average of
three individual measurements.

2.3. Atom probe tomography analysis

APT analysis was used for elemental quantification of car-
bonitride elements Nb, Ti, C, N and V (as impurity) inside

Table 1 — Composition of Nb-Ti dual-microalloy steels.

Sample « Si Mn P Cr Mo Ni Cu Al N Nb Ti

NbO+Ti 0.044 0.325 1.65 0.012 0.037 0.020 0.200 0.215 0.026 0.005 0.002 0.012
Nb2+Ti 0.047 0.325 1.65 0.013 0.036 0.020 0.200 0.22 0.027 0.005 0.022 0.015
Nb4+Ti 0.047 0.38 1.65 0.013 0.036 0.020 0.220 0.220 0.035 0.005 0.043 0.019

Nb8+Ti 0.042 0.33 1.70 0.013 0.036 0.021 0.195 0.215 0.033 0.006 0.085 0.018
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precipitation and it was also exploited for tracing the solute
Nb over the range of soaking temperatures to be correlated
with the electrical resistivity of the high-Nb steel Nb8+Ti.
Field evaporation of steel samples was conducted in a LEAP
3000XHR (Cameca SAS, Gennevilliers, France) using the
voltage mode. The details of the technique relying on field-
enhanced evaporation of atoms from a sharp sample tip are
described elsewhere [33]. Sample tips were prepared from
ground (up to 1200 grid paper) and polished (6, 3, 1 um dia-
mond suspension followed by 0.05 um silica polishing) sam-
ples on random positions. The lift-out technique first
described by Thompson et al. was applied with the use of a
focused ion beam-equipped scanning electron microscope
(FIB-SEM, Helios Nanolab™ 600, Thermo Fisher Inc., Wal-
tham, MA, USA, formerly FEI Company, Hillsboro, OR, USA)
[34]. Inside the APT instrument, specimens were cooled down
to 60 K in a vacuum (1.36 x 10~ ! mbar). Field evaporation of
single atoms was achieved by increasing the voltage bias
between the sample tip and a local counter electrode in the
region of several kV, then ultra-fast pulsing (200 kHz) of the
voltage with a pulse-fraction of 15% of the DC voltage was
overlaid. The DC voltage was regulated by the instrument to
achieve a detection rate of 3 atoms per 1000 pulses. The
detected atom sets were analyzed and reconstructed on their
respective 3-dimensional position using the commercial
software IVAS 3.6.14 (Cameca SAS, Gennevilliers, France).
The reconstruction parameters (image compression factor
value and tip radius) were varied to match the atomic plane
distance which corresponds to the crystallographic infor-
mation deduced from desorption image of the detected
atoms [35]. The solute composition was measured for Nb8+Ti
after quenching from the 1250, 1200 °C, 1100 °C as well as
950 °C. Each reported concentration value is the average of
each six measurements at two different locations in the steel
where each measurement had an atom count N of at least
one million atoms. The standard deviation of elemental
concentrations C of several individual reconstructions was

4
Energy (keV)

found to dominate the standard deviation of the atom count,
JCX{A-C)/N, of the
decompositions.

Precipitates were characterized in the as-cast state which
is also the basis for slab reheating in the industrial TMPC. The
particles were analyzed as defined within an iso-
concentration value of 1 at.-% Nb (voxel size 1 x 1x1 nm?
and delocalization 3 nm in x- and y- and 1.5 nm in z-direction).
The small size of the precipitates below 10 nm made it
necessary to choose a small iso-concentration value because
the reconstruction of the high-field precipitates suffered from
local magnification due to large evaporation field differences
[36], which made them appear much larger and with a blurred
interface. The average composition as well as the composition
variation between precipitates within one APT reconstruction
and several different reconstructed measurements were
analyzed.

individual mass spectrum

2.4. Correction for precipitating elements tied by
insoluble Ti-precipitates

In the current Nb-Ti dual-microalloyed steels, an a priori un-
known amount of Nb, C and N may be trapped in insoluble
precipitates appearing as larger-sized TiN particles with cube-
shaped morphology [10,37]. Electron microscopic images of C
replica films (Fig. 1) indicated that those precipitates having
sizes in the range of 100 nm are mostly arranged in ribbons
along austenite grain boundaries [14] or in former inter-
dendritic regions [38]. The analysis of such particles by elec-
tron dispersive spectroscopy (EDS) indicates a dominant
composition of Ti and participation of Nb in smaller amounts.
Randomly distributed TiN particles of about 20 nm diameter
having formed inside austenite grains during slow cooling at
lower temperatures [39] were only sporadically found in the
present samples.

Quantitative image analysis was used for calculating the
TiN volume fraction. The relatively large particle size and low

=
<
(2}
h]
a
=]
o
1)

Counts (a.u.)

1 2 3 4 5
Energy (keV)

Fig. 1 — C extraction replica TEM micrographs of primarily TiN particles. a) Arrays likely formed during solidification. b)
Sporadic presence of heterogeneous NbC grown on TiN core. Some Nb is tied up in both types of precipitates as shown by

EDS.
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precipitate volume density allowed the use of segmentation
being a precise and fast evaluation method. Backscatter
electron analysis in the SEM displays the sufficiently large TiN
with high elemental contrast against the steel matrix. Steel
Nb8-+Ti was soaked at 1250 °C and subsequently oxide pol-
ished before taking 25 images with a half field width of 8.5 um
in the SEM. These images were hand-segmented in the soft-
ware package AMIRA (Thermo Fisher Inc., Waltham, MA,
USA). Additionally, they were segmented in the free image
analysis software FiJi/Image], using the “Trainable WEKA
Segmentation” module [40], including one step of pixel
erosion around segmented particles. The volume fraction of
TiN was then calculated from the average value of all images.
This volume fraction was converted into weight fraction of
elements that are bound up in the TiN. APT was also used to
support this analysis. However, the extremely low particle
volume density of TiN did not make random tip specimen
preparation a feasible option. A targeted preparation of APT
specimen tips containing precipitates in steel was demon-
strated in a recent work [20] and adapted here. A TiN particle
on the surface was verified by backscattering image contrast
in the SEM and marked by FIB patterns before tip preparation.

3. Results

Solubility of (Nb,Ti)(C,N) carbonitrides can be expressed by the
composition of the precipitates that exist in equilibrium with
the respective solute concentrations in the austenite. In this
section, the former is experimentally obtained by APT anal-
ysis, and the latter by electrical resistivity measurements with
several dissolution states investigated by APT solute compo-
sition measurements. For Nb8+Ti, after corrections for
competitive precipitation of TiN, a solubility product is
calculated from the experimental data.

3.1 Precipitate composition and size determination by
APT

For Nb8+Ti, APT was used to directly determine the compo-
sition of precipitates as well as the matrix by counting the
atoms involved. Microalloy carbonitrides are regularly

20 nm

analyzed on their size, shape and composition in high preci-
sion [14,28,41—45]. And APT is also feasible for solute content
measurements of Nb [14,27,28], C [22,26,46] and N [46—48] in
steel. The technique is especially powerful as it is effectively
separating precipitate atoms from the steel “matrix”, which
precipitate-free regions will be called henceforward. The
composition is derived from the analysis of the mass spec-
trum, which is the cumulative count intensity of atom
detection events with respect to their flight time, i.e., mass-to-
charge state ratio. The specific characteristics of APT mass
spectra analysis regarding the quantification of microalloying
elements were partly discussed in literature [27,29]. For a
detailed listing of the mass spectra analysis focusing on Nb, Ti,
C, N inside carbonitrides and in solution the reader is referred
to the supporting information.

APT specimens from four different ferrite grains were
extracted from the steel in as-cast condition. Approximately
100 small-sized particles of type (Nb,Ti)(C,N) were detected in
these samples. These particles were analyzed to determine
their exact composition and sizes. Examples of various pre-
cipitate populations are shown in Fig. 2.

The measured compositions for 8 reconstruction areas are
reported in Table 2. The Nb content in these particles ranges
from 36 to 47 at.-% while that of Ti is between 6 and 17 at.-%.
The compound has a dominating carbide character as the
carbon share is in the range of 40—50 at.-%. The participation
of N is with 3—8 at.-% rather small. The respective APT mass
spectra contained at least 500 and up to 1500 Nb atoms.
Therefore, the variation of element ratios at different recon-
struction locations is likely not due to errors related to the
peak decomposition, though it must be noted that larger atom
count improves the signal-to-noise ratio which affects small
isotope peaks, for example of Ti. Larger precipitates appear to
tendentially contain relatively more Ti compared to smaller
ones (Table 2, reconstruction location 1 and 7, respectively).
The average particle composition thus consists of 39 at.-% Nb,
12 at.-% Ti, 43 at.-% C and 6 at.-% N atoms. Using the notation
(NbyTi1.x) (CyNiy), the average particle is defined as
(Nbo 76Tig 24) (Co.89No.11). The average Nb:Ti atomic ratio in the
precipitates is 3.25. This value is higher than the nominal
Nb:Tiratio in the alloy being 2.5. However, part of the Ti atoms
is tied up in insoluble TiN precipitates and is not available for

® Nb

Fig. 2 — (Nb,Ti)(C,N) precipitates in the as-cast condition of Nb8+Ti. a) APT reconstructions of Nb atoms indicating a ranging
precipitate size. b) Respective STEM-on-FIB C extraction replica revealing a large amount of approximately <10 nm-sized

precipitates.
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Table 2 — Atom fractions of elements Nb, Ti, C and N in different APT measurements, and global average over all

measurements.

Reconstruction 1 2 3 4 5 6 7 8
location
Particle composition Nb 0.36 0.36 0.47 0.37 0.42 0.40 0.37 0.39
(atom fraction) Ti 0.14 0.10 0.06 0.12 0.13 0.10 0.17 0.15
C 0.42 0.50 0.42 0.43 0.40 0.44 0.40 0.42
N 0.08 0.04 0.05 0.08 0.05 0.05 0.05 0.03
Average particle Nb 0.39 Average atomic Nb/Ti 3.25
composition of all ratio precipitates (APT)
measurements
(atom fraction)
Ti 0.12
@© 0.43 Nominal atomic 2.5
Nb/Ti ratio
N 0.06

participation in the mixed compound. This aspect will be
discussed later in more detail.

The particle size cannot be directly determined from the
APT reconstruction. The high evaporation field of the pre-
cipitates compared to steel matrix leads to the well-described
phenomenon of local field magnification [36]. This effect dis-
torts the precipitate-matrix interface inside the APT recon-
struction. Accordingly, precipitates like (Nb,Ti)(C,N) with high
evaporation field appear larger than they are in reality.
Furthermore, interference of atoms segregating from the
matrix to the particle-matrix interface complicates the exact
definition of the precipitate boundary. The sizes of pre-
cipitates shown in Fig. 2a appear to be around 10, 5 and 2 nm.
Data obtained from STEM-on-FIB of C extraction replica
confirm these sizes (Fig. 2b).

3.2 Precipitate dissolution characterization
Microalloy carbonitrides dissolved depending on the austeni-

tization temperature. Precipitate dissolution can be quantified
if the solute concentrations of the respective carbonitride

a)
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elements are known. This was done by electrical resistivity
measurements and, in the case of Nb8+Ti, using APT.

3.2.1.  Electrical resistivity

When carbide and carbonitride precipitates dissolve during
soaking treatments the amount of substitutional solute atoms
(Nb and Ti) and that of interstitials (C and N) in the matrix
increases. Solute atom scattering centers dispersed in the
periodic iron lattice increase the electrical resistivity. Between
the states of total precipitate dissolution and total precipita-
tion for an identical microstructure and unaltered defect
density, the precipitated fraction can be calculated by lever
rule. Alternatively, APT allows directly measuring the relative
share of solute atoms present in the matrix.

The change in electrical resistivity after different soaking
treatments is displayed in Fig. 3 for all investigated alloys. The
measured absolute resistivity values in Fig. 3a increase with
soaking temperature for all steel compositions. The increase
is clearly largest in sample Nb8+Ti. However, the absolute
resistivity values do not necessarily correlate with the Nb
addition. For instance, sample Nb4+Ti has generally the
highest resistivity. This is related to the fact that the Si

b)

NbO+Ti
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Fig. 3 — Electrical resistivity of NbO+Ti, Nb2+Ti, Nb4+Ti and Nb8+-Ti for various oven soaking treatments over 30 min and
supposed full precipitation of Nb. a) absolute resistivity and b) resistivity relative to the supposed fully precipitated

conditions.


https://doi.org/10.1016/j.jmrt.2022.03.098
https://doi.org/10.1016/j.jmrt.2022.03.098

2054

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:2048-2063

concentration in sample Nb4+Ti is 0.05 wt.-% higher than in
the other samples, and other elements are also contained in
higher concentration. Silicon has a strong effect on the re-
sistivity of steels.

The change in resistivity with respect to a reference con-
dition is better suited for the comparison of the carbonitride
dissolution of the different Nb grades if it was assumed that in
each alloy only the release of carbonitride elements is
responsible for the electrical resistivity change. The resistivity
of the reference state with supposedly full precipitation
(soaking temperature of 950 °C) is subtracted from the re-
sistivities measured after exposure to higher soaking tem-
peratures for each sample material. This relative comparison
shown in Fig. 3b reflects the expected behavior according to
the added amount of Nb, which supports the assumption that
the resistivity increment of the other alloying elements could
be treated as a constant and neglected in the later calcula-
tions. Compared to 950 °C, all Nb-containing steels had a
pronounced increase in electrical resistivity by around 2 nQm
when soaked at 1050 °C. Soaking at 1100 and 1150 °C increases
the resistivity only slightly for the Nb2+Ti and Nb4+Ti steels
while it continues to increase strongly for the Nb8+Ti steel.
After soaking at 1200 °C, Nb8+Ti shows little further increase
towards 1250 °C.

The resistivity of the Nb-free steel (Nb0+Ti) changes
slightly, with an absolute increase of = 1.5 nQm between
950 °C and 1250 °C. This increase is surprising as no Nb-
related dissolution phenomena can be attributed to it. This
is because APT reconstructions found that all elements other
than those found in carbonitrides (Fig. 2) remained uniformly
distributed and solute concentrations from several APT
measurements varied only in the range of the measurement
uncertainty. Likewise, on the size scale of the samples made
for electrical resistivity measurements, homogeneity of all
elements was validated as the elemental concentration was
found to be uniform according to OES on multiple locations.
In the supporting information, a reasoning is given for
different microstructural influences on the resistivity be-
sides the dissolution of the carbonitrides in Fig. 2. It
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considers lattice defects, competitive dissolution of Ti and
the behavior of C during quenching. Comparison of Nb-Ti
steels with Ti-free Nb steels and XRD analysis discarded
the influences of Ti dissolution or a pronounced effect of
lattice defects on the electrical resistivity, in contrast to other
work [21-23,25]. In conclusion, carbon-related effects caused
by auto-tempering were thought to be the most likely reason
for a slight increase of electrical resistivity towards higher
austenitizing temperatures.

Comparing the currently analyzed steels to Ti-free steels, it
was assumed that these effects are similar for the other Nb-
levels as well. Hence, this inherent behavior of the resistivity
increment (baseline) not being related to Nb (or Ti) precipita-
tion, was subtracted from the other curves giving the result
shown in Fig. 4a.

3.2.2. APT solute measurements
The solute Nb concentration in the matrix measured by APT
data for soaking temperatures of 1250, 1200, 1100 and 950 °C
of Nb8+Ti is overlaid with the electrical resistivity (Fig. 4b).
After soaking at 1250 °C, the total amount of solute Nb is
determined to be 0.083 + 0.002 wt.-%. With the nominal Nb
composition being 0.085 wt.-% this status can be considered
as fully dissolved (the fraction of Nb trapped inside TiN will
be discussed below). The APT data indicate that only
0.008 wt.-% Nb were in solution after soaking at 950 °C. This
can be considered as nearly complete precipitation. It should
be noted, however, that a small amount of residual solute
Nb was consistently measured in all investigated areas. A
deviation between the electrical resistivity and APT methods
is most pronounced after soaking at 1100 °C. A possible
explanation for this deviation will be discussed later. The
APT data indicate that after soaking at 1200 °C 0.077 wt.-%
Nb is dissolved while after soaking at 1100 °C only about
half of the nominal Nb concentration is in solution
(0.044 wt.-%).

APT found a concentration of Ti of 0.007 + 0.002 wt.-% in
solution after soaking at 1250 °C which is lower than the
nominal addition. Part of Ti might be missed in the 24 Da peak
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Fig. 4 — a) NbO-Ti-baseline-corrected relative electrical resistivity and b) Nb0+Ti-baseline-corrected electrical resistivity of
Nb8+-Ti and solute Nb concentrations (APT) for Nb8+-Ti at different temperatures (the values of both data sets were scaled to
match at the lowest and highest temperature for facilitating comparison).
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which is attributed to C3 due to low ion count. It is also
reasonable to expect a considerable share of Ti to be tied up in
insoluble TiN-precipitates even at 1250 °C which will be dis-
cussed further below.

The average C concentration at 1250 °C is affected by a large
statistical error (0.049 + 0.006 wt.-%) which is primarily related to
inhomogeneous distribution of C atoms within the micro-
structure in combination with the extremely small sampling
volume investigated in APT. Carbon in steel quenched from
austenite typically segregates to prior austenite grain bound-
aries, lath boundaries or dislocations [20,49].

For N, a level of around 0.0035 + 0.001 wt.-% was derived
from the NbN peaks (NbN>* at 35.7 Da and NbN?* 53.5 Da).
This is in relatively good agreement with the nominal con-
centration (0.005 wt.-%) considering the error margin and that
some a priori unknown fraction of N is tied up in stable TiN
precipitates.

3.3. Calculation of temperature-dependent solute
concentrations
3.3.1. Mass balances of solute Ti, C, N

Solute concentrations of other carbonitride elements were
calculated from the amount of solute Nb previously charac-
terized. This was based on the assumption that the dissolu-
tion of (Nb,Ti)(C,N) precipitates released on average the
amount of Ti, C and N in proportion to the amount of Nb inside
the precipitates. The atomic fractions y;pp: of the elements
i=Nb, Ti, C, N in the precipitates as characterized by APT and
respective nominal concentrations from melt analysis
(subscript N) lead to the following mass balances:

[C] = ([Cln — 12/93 o ([Nb]n — [NDb]))  %c,ppt/ b, ppt (a)
[N] = ([N]xy — 14/93 o ([Nb]x — [Nb])) ® % ppt/ Anb,ppt (1b)
[Ti] = ([Ti]ln — 48/93 o ([Nb]x — [Nb])) @ %75 ppt/ %, ppt (1c)

where [Nb, C, N, Ti] are the respective actual solute con-
centrations. The factors 12, 14, 48 and 93 refer to the atomic
weights of C, N, Ti and Nb, which are used here to scale the
atomic fractions to weight fractions.

3.3.2.  Solute amount correction related to insoluble TiN

As mentioned before, carbonitride solubility based on con-
centrations derived from Eq. (1a-c) is overestimated as pre-
cipitation of TiN withdraws a certain amount of mainly Ti and
N, but possibly also involves some Nb and C. Zou and Kirkaldy
[39] pointed out that large TiN particles do not form an equi-
librium with the smaller Ti-containing precipitates, such that
their solubility depends only on the remaining solutes in
austenite.

Values deduced from Eqg. (1a-c) can therefore be corrected
by the amount of Nb, Ti, C and N that are tied up in large TiN
particles formed during slow cooling of the cast after solidi-
fication [50]. These particles having sizes of around 100 nm are
quite easily visible in the backscatter contrast of SEM (Fig. 5a).
The linear array of precipitates decorates prior austenite grain
boundaries as was also observed in carbon replica studies
performed in a previous study on the same steels (Fig. 1) [14].

The volume fraction of TiN was estimated by quantitative
image analysis of a stack of 25 segmented images like Fig. Sb
according to:

25 A
VV:VA _ Z TiN,1 (2)
i=1

~ A’

Here, Vy is the volume fraction, Ay is the area fraction,
Ariy is the area of segmented TiN (white color in Fig. 5b) and
Aot is the total image area. The analysis revealed the TiN
fraction being Vy = 0.015 + 0.002% and 0.018 + 0.003% for
hand- and machine-learned segmentation, respectively. The
volume fraction is converted into fractions of the individual
precipitate forming elements by using the composition of
TiN precipitates determined by APT. A particle encapsulation
technique applicable to FIB-and-APT preparation [20]
allowed the partial atomic reconstruction of a TiN precipi-
tate (Fig. 5d). The straight interface is originating from a cube
face of the particle. Besides Ti and N, the particle also con-
tains Nb and small amounts of C. With atomic fractions of
48.5 and 41.9% for Ti and N, these elements form the bulk of
the analyzed precipitate. Nb and C participate in this particle
with 6.6 and 3.0%, respectively. Conversion into mass frac-
tion amounts to 65.3, 16.5, 17.2 and 1% for Ti, N, Nb and C,
respectively.

Assuming the analyzed composition being valid for all TiN
particles present in the steel and considering the TiN volume
fraction determined by manual segmentation, the corrected
solute amounts of Ti, N, Nb and C are decreased by 60, 15, 20
and below 10 mass ppm, respectively. Relative to the nominal
concentrations of each element, the TiN particles trap minor
amounts of Nb and C. In Table 3, the bulk alloy composition
corrected by the fraction bound in TiN is compared to the
actual solute concentrations found in APT at the highest
temperature. Nb, C and N show excellent agreement whereas
Ti is lower in APT which was discussed above. The corrected
bulk atomic Nb:Ti ratio is 3.72, which is closer to the average
Nb:Ti ratio inside the precipitates being 3.25 (Table 2). The
comparison however suggests that some Nb should exist in a
different compound.

Using the corrected nominal amounts in Eq. (1) and
taking the solute amount of Nb determined from the ele-
ctrical resistivity after the different soaking treatments
allows calculating the solute amounts for all other elements

(Fig. 6).

3.4. (Nb,Ti)(C,N) solubility calculations using solute and
precipitate compositions

With the knowledge of average (Nb,Ti)(C,N) precipitate compo-
sition and the temperature-dependent solute concentrations of
Nb, Ti, C and N, the carbonitride solubility in austenite was
calculated. The reaction formula of precipitate formation is:

Nbyg 76 Tio.24Co.89No.11<>0.76 - [Nb] + 0.24-[Ti] + 0.89-[C] + 0.11-[N]
3)
The ratio of activities, a, of elements being in solution and
tied up in precipitates is represented by an equilibrium con-
stant, K, which is proportional to the Gibbs free enthalpy of
precipitate solution, AG?

sol?

and the temperature, T, as:
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Fig. 5 — a) Backscatter contrast image in SEM showing TiN precipitates which often are aligned in linear arrays, b)
segmented image (with precipitates labelled with white color. c¢) SEM image of TiN after employing etching for the use of the
site-specific APT methodology described in [20], which allowed APT analysis of a single TiN. d) Atom maps of Ti, N, Nb and C
(descending atomic concentration) of a partial reconstruction of a TiN.

Table 3 — Comparison of bulk solute concentrations
corrected for elements trapped in TiN and actual

concentrations analyzed with APT for the Nb8+-Ti steel
after soaking at 1250 °C.

Element Corrected bulk Solute wt.-%
wt.-% based after soaking
on electrical at 1250 °C based

resistivity on by APT analysis

Nb 0.083 0.083 + 0.002

Ti 0.0115 0.007 + 0.002

(@ 0.042 0.049 + 0.006

N 0.0035 0.003 + 0.001

0.76 0.24 0.89 0.11 0

ani arj a, an —AG

K= b Ti C « exp ( sol . (4)
ANbo 76 Tio 23Go.89No.11 RT

Eq. (4) is used assuming that the composition of the dis-
solving carbonitride remained constant at each dissolution
temperature. Other researchers pointed out that the carboni-
tride composition is affected strongly by the steel composition
and less by the dissolution temperature [1,9]. With the activity of
the precipitate being unity and the elemental activities in this
dilute system depend on their concentrations, K can be
expressed as the solubility product in the well-known form:

B

1gk = 1g([Nb]0'76 [Tﬂo.zzx [C]0'89 [N}O'll) —A_ = (5)
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Fig. 6 — Concentration of solute elements derived from Nb concentration measurements by electrical resistivity in alloy
Nb8+Ti according to egs. (1a-c). The average particle composition was determined by APT and all values are corrected for

elements trapped in TiN particles.

where the constants A and B include the activity coefficients
of the respective elements and the enthalpy AG?. Using the
solute concentration calculated from the electrical resistivity
measurements (Fig. 6), 1g K is plotted against the inverse ab-
solute temperature in Fig. 7. Two limiting temperatures must
be accounted for. Above 1200 °C, this steel can dissolve more
Nb than actually added in the Nb8+Ti alloy. Thus, the exper-
imentally determined data point at 1250 °C is omitted in the
linear regression fitting. On the other hand, at 950 °C the so-
lute concentration of Nb and Ti is so small that the solubility
product is largely disturbed by the measurement error (Table
4). The linear regression of the remaining data points in the
range of 1200 to 1050 °C yields the following solubility product:

lg K = 0.33—4577/T with coefficient of determination
R?=0.93. (6)

If despite the high error margin, the solubility calculated
from electrical resistivity at 950 °C was considered in the
linear regression analysis, the solubility product would be:

lg K = 1.06—5621/T, R> = 0.86. @)

In the subsequent considerations, however, rather the
solubility product defined by Eq. (6) will be used. This equation
is generally in good agreement with the solute Nb concen-
trations measured by the APT method. For 1250 °C the equa-
tion predicts complete Nb dissolution which is experimentally
confirmed. The potential origin of the rather large discrepancy
at 1100 °C between the prediction by Eq. (6) and the mea-
surement by the electrical resistivity method will be discussed
in section 4.2.

4, Discussion

The solubility of binary NbC and NbN compounds using
established equations by Narita [4] were calculated for the
effective Nb, C and N contents, i.e., the nominal concentra-
tions corrected by the amounts tied up in insoluble TiN par-
ticles. The comparison in Fig. 7 indicates that the
experimentally derived solubility of the complex carbonitride
originating from the current study lies between those of the
binary compounds. A transition of the dissolution behavior
being closer to that of NbC at lower soaking temperature to-
wards one close to NbN at higher soaking temperatures is
observed.

All precipitates investigated (Fig. 2a and Table 2) appeared
to have an initially homogeneous distribution of Nb, Ti, C
and N as far as the spatial resolution of the APT method
could reveal. Core-shell type particles with Nb-rich phases
epitaxially grown on Ti-rich cores were only sporadically
observed (see Fig. 1a). It can therefore be concluded that
mutual solubility of the simple carbides and nitrides appears
possible even to a high fraction of atomic exchange of
both substitutional and interstitial sites in the fcc NbC
superlattice.

4.1. Comparison of experimentally derived solubility
with model calculations

With the assumption of ideal solution, the solubility of the
complex carbide is proportional to the activity of the ele-
ments, and thus in diluted state proportional to their frac-
tions. The following expression for a solubility product based
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Fig. 7 — Temperature dependence of the solubility product for Nbg 76Tio 24Co.80No.11 as present in the Nb8+-Ti alloy of this
study. The line is the linear fit to data in Table 4 (Eq. (6)). Solubility products of binary NbC and NbN according to Narita [4] are
indicated for reference. The solubility product assuming regular mixing [51] is calculated as a linear combination of simple
carbide and nitride solubilities for the current Nb-Ti precipitate composition (Eq. (9)).

on ideal mixing of the involved species was adapted from Zou
and Kirkaldy [51]:

1gK = x(1 - y)lgKy + xylgK + (1 —x)(1 - y)lgKs + (1 - x)ylgK,
+xlgx+ (1 - x)lg(1—x) +ylgy + (1 —y)lg(1—y) ®)
tartao U~ + s

RTIn10 rRTIn10

with x and y being the fraction of Nb and C and Ky, K, K3 and Ky

being the solubility products of NbN, NbC, TiN and TiC. The

regular solution parameter Q is assumed having an identical

value of —4260 J/mol for the interactions of both, Nb and Ti,

with C and N (C and N interactions are taken to be zero

Table 4 — Solubility products calculated for the mixed

(Nb,Ti)(C,N) with the formula Nbo.75Tio.24C0_89N0.11 from
Eq. (5).

Soaking Solubility propagated
temperature (°C) product lg K error
950 -3.95 +0.66
1050 -3.19 +0.24
1100 —2.98 +0.21
1150 —2.86 +0.18
1200 -2.81 +0.17
1250 —2.79 +0.17

according to [52]). The latter energy term refers to the solu-
bility of a carbonitride due to the particle/austenite interface
(Gibbs-Thompson effect) which increases with decreasing
particle radius r and increasing interfacial energy ¢. Here, an
average particle radius of 2.5 nm was taken for the (Nb,Ti)(C,N)
particle population based on the current measurements. A
value of ¢ = 0.3 J/m? was chosen for the interfacial energy,
reasonably in agreement with those used in modelling [53,54].
The molar volume of the carbonitrides is calculated as V..
= 1.3 x 107> m*mol from the known APT composition of
precipitates, assuming the lattice parameters of the binary
phases to sum up proportionally to their fraction in the car-
bonitride. Inserting the formulas of Narita [4] for the respec-
tive K; . 4 results in the equation

Ig K = 3.40—8409/T )

where solubility is only marginally influenced by —22/T due
to regular solution enthalpy but more severely altered by 326/
T due to the particle radius. A significant fraction of very small
precipitates clearly enhances the solubility. The APT analysis
on the present steels indicated particle sizes even below 2 nm.
Hence, the use of an actual precipitate size distribution would
provide a more accurate solubility product. By comparing the
experimental solubility with that modelled by Eq. (9) in Fig. 7 it
is obvious that both entropy and enthalpy terms deviate from
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the experimentally derived solubility product. An activity
change of C and N due to other alloying elements might pro-
duce the largest deviation of Eq. (9) vs. Eq. (6). Wagner inter-
action parameters of C and N with the main alloy elements
Mn, Si, Cu and Ni have notable impact on the entropy term of
the solubility product. For instance, the interaction of Mn with
N decreases 1g K by about 0.2 [12]. Comparing the measured
solubility behavior against the one constructed for regular
solution suggests that with progressing dissolution the
composition of the particle changes from a more carbide-like
to a more nitride-like character. It is also feasible that after
nearly complete dissolution of Nb, remaining Ti and N could
rearrange to form an insoluble TiN particle. The atom ratio of
Ti:Nis approximately 2:1 in the initial particle (Table 2), thus at
least part of the Ti must have dissolved at the highest soaking
temperature.

4.2. Reflections on measurement accuracy and validity

4.2.1.
methods
The electrical resistivity measurement in this study employed
the so-called Kelvin or 4-terminal probe. The calculated prop-
agated uncertainty of 0.2 nQm is well reflected in the statistical
uncertainty of the average values. If this value is scaled on the
total change of electrical resistivity between 1250 °C and 950°C
(0.083 and 0.008 wt.-% Nb for Nb8+-Ti), then the concentration
uncertainty of the electrical resistivity method was below
0.003 wt.-% Nb. Larger sample aspect ratios will reduce this
further as both voltage drop and length measurements in-
crease relative to the measurement uncertainties.

Calibrating the indirect electrical resistivity method for the
quantitative evaluation of complex Nb-Ti carbonitride

Measurement accuracy of electrical resistivity and APT

16

dissolution using the direct APT method requires specific
considerations related to the analyzed sampling volume. The
electrical resistivity technique probes a material volume in
the order of cubic centimeters whereas the APT technique is
analyzing an extremely small material volume of around
10~* um?®. Thus, the first method averages over multiple grain
dimensions while the latter method characterizes a highly
localized condition within one individual grain. This could
cause the observed discrepancy in the measured solute con-
tent especially for intermediate soaking conditions
comprising partial dissolution of precipitates. Dissolving Nb
atoms must diffuse away from the particle/matrix interface
for producing a homogenous concentration profile across the
entire grain area. The diffusion range of Nb and Ti for
isothermal holding of 1800 s is displayed in Fig. 8 for the
considered range of soaking temperatures. At 1100 °C the
diffusion range of both microalloying atoms is in the order of
only 4 um. This means full homogenization of the dissolved
atoms cannot be reached across an austenite grain which
typically has sizes of 20—30 pm. Besides, the distribution of
precipitates is not perfectly homogeneous as demonstrated by
Fig. 5. Therefore, areas inside a grain and away from pre-
cipitates are expected having locally lower solute concentra-
tion. This effect can explain the observed difference between
the APT and electrical resistivity methods especially at
1100 °C. Higher soaking temperatures increasingly enable
homogenization of solute microalloys across the entire grain
dimension. The diffusion range of Nb in austenite for a hold-
ing time of 1800 s at 950 °C is in the order of only 1.5 pm.
However, the mean-free interparticle distance is calculated to
be in the order of 0.8 um if at least 90% of the precipitates
present in the starting population (Fig. 2) remain undissolved
at this temperature. Therefore, homogenization of dissolved
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Fig. 8 — Calculated diffusion range of Nb and Ti as a function of austenite temperature for an isothermal holding duration of
1800 s. Nb and Ti diffusivity calculated according to Geise et al. [55] and Oikawa [56], respectively.
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Nb between the particles is possible at the lowest soaking
temperature and the APT analysis of the solute Nb level in the
precipitate-free area can give a statistically correct result. This
congruency of the solute Nb contents obtained by both
methods for the lowest and highest soaking temperatures is
also confirmed by Fig. 6. For the intermediate soaking tem-
perature range, however, the electrical resistance method
appears to give more accurate data for the solute content.
Accordingly, the data originating from resistivity measure-
ments provide the more reliable solubility product.

Regarding the error propagation of all uncertainties in the
electrical measurements in the used setup, alloy Nb8+Ti
showed relative resistivity increments sufficiently large to
draw conclusions about the dissolution of Nb. Thus, this alloy
provides the most suitable dataset for deriving the solubility
product by a linear regression fit.

4.2.2. Verification of resistivity measurements and related
assumptions

When deriving the solubility product according to Eq. (5),
several assumptions were made. The average composition of
particles analyzed by APT as shown in Table 2 was considered
being representative for all precipitates since their individual
compositions are not significantly deviating from the average.
Figure 2 also revealed a size variation in the precipitate pop-
ulation of the as-cast sample. The particle size has a direct
effect on the dissolution time and solubility [57]. Considering
that the investigated particles, generally not being bigger than
a few nanometers (Fig. 2), dissolve rather rapidly [58,59],
equilibrium solubility should be reached over the duration of
the current soaking treatments (1800 s). The observation that
larger-sized precipitates contain a higher fraction of Ti sug-
gests that significant amounts of solute Ti will only be present
after soaking at higher temperatures when these precipitates
dissolve to a larger degree.

The individual resistivity influences of Nb, Ti, C and N
when dissolving complex carbonitride particles in the current
steels cannot be separated from the total increase of electrical
resistivity. Bohnekamp et al. [60] analyzed the individual
electrical resistivity effects of various solutes in binary iron
alloys, yet, a value for Nb has not been reported. However,
quoted values for the electrical resistivity change caused by
Nb(C,N) dissolution [23,24] are comparable to those found for
the dissolution of complex Nb-Ti carbonitrides in the present
investigation. Simoneau et al. [23] measured a resistivity
change of in the range of 3—4 nQOm in steels containing 0.04 to
0.06 wt.-% Nb when heated from 900 to 1300 °C. Comparative
measurements performed by the current authors on a Ti-free
0.085 wt.-% Nb-steel showed nearly the same resistivity
change of Ap = 5 nQm as in the Nb8+Ti steel. Therefore, the
effect of solute Ti in the range of the current additions is
considered being negligible. In congruency with literature
[23,24], it can be concluded that the effect of solute Nb on the
resistivity of the iron matrix is around 70 nQm per wt.-% Nb.

The incremental change in electrical resistivity over the
range of soaking temperatures, therefore, reflects the share of
Nb dissolution. This share decreases towards higher austenite
temperature and levels off when all niobium has been dis-
solved, which is well-reflected in the current resistivity mea-
surements (Fig. 4a). The data of the Nb8+Ti steel indicated

dissolution of 0.04 wt.-% Nb at a soaking temperature of
1050 °C. Accordingly, the incremental resistivity change of
those steels containing not more than 0.04 wt.-% Nb (Nb2+Ti
and Nb4+Ti) is levelling off at 1050 °C. The dissolution of Ti
expected to occur at austenite temperatures above 1200 °C has
only a small influence on the resistivity and cannot be reliably
measured with the current measurement sensitivity.

5. Conclusions

The current study investigated the dissolution behavior of
complex Nb-Ti carbonitride precipitates at austenite soaking
temperatures in the range of 950—1250 °C for as-cast steel
alloys with various Nb addition.

The composition of such precipitates was determined as
Nbo 76Tip.24Co.80No.11 by APT measurements. The participating
atoms appeared randomly distributed inside such particles ac-
cording to the spatial resolution capability of the APT method.

The precise measurement of changes in the electrical
resistance allowed the quantitative monitoring of niobium
dissolution as a function of soaking temperature. It was found
that solute Nb has a comparably strong effect on the electrical
resistivity of the iron matrix which was determined to around
70 nQm per wt.-% Nb. For the investigated steel containing
0.085 wt.-% Nb, the incremental resistivity change with pro-
gressing Nb dissolution was significantly larger than potential
measurement uncertainties.

The electrical resistivity measurements were calibrated
using the atom share of Nb determined by the APT method in
the precipitate-free matrix. Eventual discrepancies between
both methods are related to the small and highly localized
sampling volume of APT that can reflect insufficient concen-
tration homogenization of dissolved Nb at intermediate
soaking temperatures. In that respect, a sufficiently optimized
electrical resistivity method can give statistically more reli-
able results by integrating over a large sampling volume.

The dissolution behavior of the investigated 0.085 wt.-% Nb
steel allowed deriving a novel solubility product for complex
NbTi carbonitrides with random elemental distribution.
Comparing the developed solubility product with those
established for binary NbC and NbN indicated a transitional
behavior from an initially more carbide-like towards a finally
more nitride-like character when increasing the austenite
soaking temperature. Despite the random arrangement of
atomsin theinitial particle, a theoretically calculated solubility
product based on individual binary solubility products under
the assumption of an ideal mixture was not congruent with the
experimentally observed behavior. This confirms that with
progressing dissolution, the composition of the particle
changes towards a dominating nitride type, potentially leaving
behind a TiN particle at highest soaking temperatures.

The higher temperature stability of such complex Nb-Ti
carbonitrides as compared to binary compounds as well as
their more homogeneous spatial distribution and smaller
particle size as compared to primary TiN particles have an
interesting potential for controlling the austenite grain size
during slab soaking, welding, or high-temperature carburizing
processes. The insights gained from the current study can also
help designing microalloy compositions favoring the forma-
tion of such complex Nb-Ti carbonitrides.
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