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ABSTRACT

In-situ Small-Angle Neutron Scattering (SANS) is used to determine the time evolution of the chemical
composition of precipitates at 650 °C and 700 °C in three micro-alloyed steels with different vanadium
(V) and carbon (C) concentrations. Precipitates with a distribution of substoichiometric carbon-to-metal
ratios are measured in all steels. The precipitates are initially metastable with a high iron (Fe) content,
which is gradually being substituted by vanadium during isothermal annealing. Eventually a plateau in
the composition of the precipitate phase is reached. Faster changes in the precipitate chemical compo-
sition are observed at the higher temperature in all steels because of the faster vanadium diffusion at
700 °C. At both temperatures, the addition of more vanadium and more carbon to the steel has an ac-
celerating effect on the evolution of the precipitate composition as a result of a higher driving force for
precipitation. Addition of vanadium to the nominal composition of the steel leads to more vanadium rich
precipitates, with less iron and a smaller carbon-to-metal ratio. Atom Probe Tomography (APT) shows the
presence of precipitates with a distribution of carbon-to-metal ratios, ranging from 0.75 to 1, after 10
h of annealing at 650 °C or 700 °C in all steels. These experimental results are coupled to ThermoCalc

equilibrium calculations and literature findings to support the Small-Angle Neutron Scattering results.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

High-performance steels with high strength, ductility and
stretch flange-ability are required nowadays in lightweight auto-
motive parts for low fuel consumption, reduced CO, emission and
little use of raw materials [1]. Nano-steels have attracted both in-
dustrial and technological interest due to their high potential to
meet these demands [2-8]. Their outstanding mechanical proper-
ties arise from the combination of a ferritic matrix with nano-
sized precipitates. The ferritic phase offers high ductility while
a substantial degree of strengthening originates from the pres-
ence of precipitates. Vanadium carbide precipitates are well known
for precipitation strengthening [5,9], therefore, much research has
been conducted on their effect on the mechanical properties of
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steels with various compositions that are processed under differ-
ent conditions [9-13].

The chemical composition of the precipitates is a key factor
for the precipitation strengthening since it drives the precipitation
kinetics through the chemical driving force and the precipitate-
matrix lattice misfit which control the precipitates nucleation and
growth [14-16], eventually affecting the precipitate size distribu-
tion and the resulting mechanical properties. A high iron concen-
tration in the vanadium carbides at the early stage of precipitation
can reduce the lattice misfit and the strain energy between the
precipitate and the matrix and, therefore, reduce the activation en-
ergy for the nucleation of the precipitate [15,16]. In turn, this leads
to a high number density of precipitates, which is beneficial for the
strength of the steel. In addition, the fraction of vanadium and the
carbon to vanadium ratio in the precipitates can be important for
the strengthening since it can affect the shear modulus of the pre-
cipitates [17-19] and eventually the modulus hardening which is
caused by a modulus difference between the precipitates and the
matrix (even though it is weak compared with other mechanisms
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of precipitation strengthening) [20]. It is reported in the literature
that vanadium carbides with different carbon-to-metal atomic ra-
tio show different mechanical properties such as Young’s modu-
lus, shear modulus and hardness [17-19], because of the different
atomic configuration in the precipitates [17]. The abovementioned
material properties are promoted for precipitates with a composi-
tion closer to stoichiometry [17]. The binding energy between the
vanadium and carbon atoms in nano-sized precipitates can be in-
fluenced by the ferrite matrix. The presence of vacancies in the
precipitates can reduce their interfacial energy and increase their
stability [14]. Knowledge on the chemical composition evolution of
precipitates during processing can contribute to an improved com-
mercial steel design, optimized manufacturing and optimum use of
critical raw materials.

The vanadium carbide precipitates have a Baker Nutting orien-
tation relationship with the ferrite matrix [5] and they form in
different shapes (spherical, disk-like, ellipsoidal, rod-like, needle-
like or cuboid) with their shape and composition being depen-
dent on steel composition and thermo-mechanical treatment con-
ditions. Based on literature data, the vanadium carbides in low-
carbon steels have a NaCl-type crystal structure with chemical for-
mula: VC [21], V4C3 [5,21 ], VCo_g []3], VCO.S] [22] or VCO_75_0.92 [23]
In medium-carbon vanadium micro-alloyed steels the precipitates
can be either NaCl-type of composition VCq 7,09, depending on the
processing temperature [24], VgCs monoclinic or hexagonal [25] or
V,4C3 trigonal [25].

Earlier studies on the chemical composition of precipitates by
means of APT in vanadium micro-alloyed steels [26] but also in
titanium micro-alloyed steels [27,28] and in nickel-aluminium-
molybdenum steels confirm the presence of iron in the precipitates
[29]. APT measurements show gradual changes in the precipitate
chemical composition during isothermal annealing at 650°C [26],
while the precipitate chemical composition evolution is strongly
correlated to the precipitate size [26,34]. In ref. [26], the smaller
vanadium carbides are found to be iron-rich and the larger pre-
cipitates in the later stages of annealing are rich in iron only near
the matrix/precipitate interface. Possibly a small fraction of iron is
present in the core of the larger precipitates but they mainly con-
sist of vanadium and carbon. Similar findings are presented in ref.
[27] and in ref. [29], where it is stated that the iron content de-
creases across the particle interface from the surface to the core
but still a considerable fraction of iron is measured in the precipi-
tate core.

Transmission Electron Microscopy (TEM) and other TEM-based
and spectroscopy techniques are often being used for precipitate
characterisation [4,10-13,21-22,24-42]. These techniques are per-
formed at room temperature, in a limited number of treated sam-
ples sampling a small area. Consequently, the sample preparation
and treatment is time-consuming when aiming for results with
good statistics. If the precipitate composition evolution needs to be
measured, the characterisation procedure requires time and prepa-
ration [30]. In addition, quantitative analysis of the precipitates’
chemical composition is challenging in the case of APT measure-
ments because of the technique’s limitations. By APT, the stoi-
chiometry of the precipitates cannot be accurately quantified due
to the directional walk effect that lowers the accuracy in the mea-
sured carbon concentration [43]. Moreover, the local magnification
effect, caused by the field evaporation potential being different be-
tween the iron matrix and the precipitates, deteriorates the spatial
resolution in the vicinity of small clusters and makes it difficult to
quantify the iron content in the precipitates [28,39].

Small-Angle Neutron Scattering is a non-destructive technique
for quantitative and statistically relevant precipitate characteri-
zation in steels [26,27,44-48]. By the separation of the nuclear
and magnetic precipitate scattering contributions, it is possible to
obtain information on the magnetic and chemical properties of
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the precipitates [48]. Earlier studies on the precipitation kinetics
of vanadium carbides on interphase boundaries by ex-situ SANS
[13,26] have been performed in low-carbon steels at room tem-
perature. In these ex-situ SANS experiments, the microstructure
is transforming from austenite to ferrite during which the vana-
dium carbide precipitation takes place. Subsequent quenching of
the steel to room temperature results in a complex microstructure
of ferrite, vanadium carbides, martensite, iron carbides and dislo-
cations. In such ex-situ SANS measurements, it is challenging to
accurately separate the precipitate signal from the interfering sig-
nal from the dislocations of the martensite.

The major advantages of performing in-situ SANS measure-
ments which we demonstrate in this work, are: 1) the SANS sig-
nal of the precipitates is free from interference from the dislo-
cations of the martensite and 2) an optimum background can be
measured of the matrix without the presence of precipitates at
temperatures where all precipitates are dissolved in the matrix. In
this way, the precipitate signal can be isolated and the precipitate
chemical composition can be determined. In addition, in the in-
situ experiments the real-time evolution of the precipitate chem-
ical composition can be measured. However, the SANS technique,
either ex-situ or in-situ, does not provide direct information on the
precipitate crystal structure, therefore, complementary techniques
such as TEM or literature data are necessary to support the SANS
measurements.

In this work, we study quantitatively and in real-time the
chemical composition evolution of precipitates in low-carbon vana-
dium micro-alloyed steels using in-situ SANS. The results are sup-
ported by APT, literature data as well as ThermoCalc [49] equilib-
rium calculations. The effects of the processing temperature and
different vanadium and carbon concentrations of each steel com-
position on the precipitate chemical composition evolution are in-
vestigated. The chemical composition evolution of the precipitates
is determined irrespective of the precipitate shape and size dis-
tribution. The time evolution of the fraction of iron in the vana-
dium carbide lattice, for which limited experimental investigation
has been reported so far, is derived from the in-situ SANS, together
with the stoichiometry of the precipitates.

2. Experimental

The precipitate chemical composition evolution is studied in
three vanadium micro-alloyed steels. The steels were provided by
Tata Steel in Europe as hot-rolled plates. The chemical composi-
tion of the alloys is given in wt.% and at.% in Table 1. The steels
differ in vanadium and carbon content. The first two steels have
the same carbon but different vanadium contents and are referred
to hereafter as LCLV (low carbon - low vanadium alloy) and LCHV
(low carbon - high vanadium alloy). The third steel has a double
amount of vanadium and carbon compared to the LCLV steel and
is called HCHV (high carbon - high vanadium alloy). The atomic
ratio of vanadium to carbon is 1 in the LCLV and HCHV steels. All
steels have the same manganese concentration and the amount of
the other elements is as low as possible. The LCLV and HCHV steels

Table 1
Chemical composition of the steels in weight percent (wt.%) and atomic percent
(at.%) with balance Fe.

Steel C Mn \'% Si P Cr Al
LCLV  wt%  0.071 1.84 029 0.010 0.0010 0.010 0.004
at.% 0330 186 032 0026 0.0018 0.011 0.008
LCHV wt% 0.075 183 057 0.014 0.0010 0.006 0.006
at% 0350 1.85 0.62 0.028 0.0018 0.011 0.012
HCHV wt% 0140 183 0.57 0.013 0.0010 0.007 0.008
at.% 0.620 1.85 0.62 0.026 0.0018 0.007 0.002
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Fig. 1. Schematic illustration of the thermal cycles conducted in the furnace
[50] during the in-situ SANS measurements.

will provide information on the vanadium and carbon effects when
the atomic ratio of these elements is 1, whereas the LCHV steel will
clarify how the excess of solute vanadium atoms influences the ki-
netics of the evolution of the precipitate chemical composition.

I-shaped specimens of 1 mm thickness were machined from
the centre of the hot-rolled plates as in ref. [26]. The specimen
shape and size was designed to fit in a furnace [50], which was
used for heat-treating the specimens during in-situ SANS measure-
ments. The furnace was custom made at Delft University of Tech-
nology, and specially designed to fit to the sample area of the
Larmor Instrument at the ISIS Neutron and Muon Source (at the
STFC Rutherford Appleton Laboratory), in order to perform in-situ
SANS measurements. A detailed description of the instrumentation
is provided in ref. [50].

The thermal cycle followed during the in-situ SANS measure-
ments is schematically illustrated in Fig. 1. The specimens are
heated up with a rate of 5 °C/s to a temperature of 1050 °C (for
LCLV specimens) or 1100 °C (for LCHV and HCHV specimens) and
are held there for 15 min. These temperatures are chosen to be ~50
°C higher than the respective precipitate dissolution temperatures
calculated by ThermoCalc. At these soaking temperatures all ele-
ments are therefore in solid solution and the specimens are fully
austenitic. Subsequently, the specimens are cooled to 650 °C or 700
°C with a rate of 15 °C/s at which temperatures austenite to ferrite
phase transformation and precipitation are taking place during a
10-hour isothermal annealing treatment. Finally, the samples are
cooled to room temperature.

The furnace is placed between the pole shoes of a 3473-70
GMW electromagnet, which is used to generate a vertical magnetic
field of 1.5 T perpendicular to the neutron beam. This magnetic
field is strong enough to saturate the magnetization of the speci-
mens. In this way we eliminate the scattering of domains and, as
explained below, we can separate the nuclear contribution to the
SANS pattern from the magnetic contribution.

The size of the incident neutron beam is 8 x 8 mm?, the wave-
length range for SANS is 0.42-1.33 nm and the SANS detector is a
600 x 600 mm?2 3He tube array with an 8 x 8 mm? pixel size, lo-
cated 4.3 m from the sample. The reduction of SANS raw data is
done using the Mantid software [51].

The specimens for APT are heat-treated in a dilatometer prior
to the APT investigations. The dilatometry specimens are rectangu-
lar with dimensions 14 x 10 x 1 mm3. The equipment used is a
DIL-805 A/D dilatometer with inductive heating under a low pres-
sure of 10~ mbar and cooling is achieved by helium gas. An S-
type thermocouple is spot-welded in the centre of the specimen to
control the temperature and monitor the thermal cycle. The same
heat-treatments as the ones conducted with the use of the SANS
furnace (Fig. 1) are applied, i.e., holding at 1050 °C or 1100 °C for

219

Acta Materialia 201 (2020) 217-230

15 min followed by a 10 h isothermal annealing at 650 °C or 700
°C and finally quenching to room temperature.

APT measurements are performed on samples taken from the
dilatometry pre-treated specimens. More than 8 tips from each
condition are tested aiming for good statistics and representative
results. The specimens are prepared by the lift-out method us-
ing Focussed lon Beam milling (FIB) [52]. A LEAP 4000X-HR sys-
tem from CAMECA Instruments is used for the measurements. The
preparation procedure of the APT tips is described in detail in refs.
[26,53]. The APT data reconstruction is performed using the IVAS
3.8.0 software from CAMECA Instruments, in which elemental ions
are identified based on their isotope distribution in a time of flight
mass spectrum and then the atomic arrangement of the analysed
volume is reconstructed following the standard protocol [53-55].

3. Method for calculating the precipitate chemical composition
evolution from the in-situ Small-Angle Neutron Scattering data

The magnetic scattering of neutrons originates only from the
magnetization components that are perpendicular to the scatter-
ing vector Q. In our experiment we use this selection rule to sep-
arate the magnetic from the nuclear neutron scattering. For this
purpose we apply in the detector plane, along the vertical direc-
tion (see Graphical Abstract and Fig. S1 in the supplementary ma-
terial), a magnetic field B strong enough to accomplish magnetic
saturation of the sample. In this case, the components of the mag-
netization perpendicular to B vanish. Thus, the magnetic scattering
for Q // B is zero whereas it is maximum for Q L B. Consequently,
the macroscopic differential scattering cross-section, (dX/d2)(Q),
which is the background-corrected and calibrated SANS intensity
[56], can be written as [46]:

dx dx dx .2
= ] (Q) = () Q)+ () (Q) - sin“a
(d§2> d2 /e A2 /e

where (dX/dQ)nuc(Q) and (dX/d2)mac(Q) stand for the nu-
clear and the magnetic scattering cross-sections respectively,
Q is the magnitude of Q, and o« is the angle between
Q and B. (dX/dQ)nuc(Q) and (dE/dS2)nuc(Q)+(dZ/d2)mac(Q)
are determined from the intensity integrated over sectors
of 30° parallel and perpendicular to B, respectively. In our
case (dX/dL2)nuc(Q) is obtained from the vertical sectors
and (dX/dQ2)nuc(Q)+(dX/d2)mac(Q) from the horizontal ones.
(dX/d2)mac(Q) is then calculated as the difference between the
above terms.

For a dilute system of precipitates within a homogeneous ma-
trix, (dX/d€2);(Q) is [56]:

(1)

(33)@ = (ap? [ DNR)-V2(R)- (@ RYGR 2)
1

where i can be either the nuclear or the magnetic term. R and V
are the precipitate spatial coordinate in three dimensions and the
precipitate volume, respectively. Dy(R) is the log-normal size dis-
tribution of the precipitates and P(Q,R) is the form factor reflect-
ing the precipitate shape [56,57]. Ap; is the difference in scat-
tering length density (scattering contrast) between the matrix and
the precipitates, nuclear or magnetic. When the steel has reached
magnetic saturation, the ratio of the nuclear to the magnetic SANS
component is proportional to the squared ratio of the nuclear to
magnetic scattering contrast:

(%)NUC(Q) _ (A,ONUC)2

) = 2
(88)urc@  (Apwac)
This ratio is related to the composition of the microstructural

features present in the sample. In the case of precipitates in a steel
matrix and only if the magnetic saturation is reached, so that the

(3)
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integral in Eq. (2) has the same Q-dependence for nuclear and for
the magnetic scattering (same nuclear and magnetic distribution),
the ratio is determined by the chemical composition of the precipi-
tates and the presence of different types of precipitates [48]. It has
been reported that the vanadium carbide precipitate composition
is size dependent [21,26] and, consequently, the ratio is influenced
by changes in the precipitate size distribution. APT measurements
performed earlier [26-29] show the presence of iron in the precip-
itates, being more pronounced in the smaller precipitates. In addi-
tion, vanadium carbides with a sub-stoichiometric ratio of carbon
to vanadium have been reported in the literature [5,13,21-24]. By
in-situ SANS we are able to quantify the evolution of the iron con-
tent and the stoichiometry of the precipitates during annealing.

It is important to note here that since the ratio is sensitive to all
microstructural features, it is critical that the experimentally de-
termined values of both the nuclear and magnetic scattering are
free from any contributions other than from the vanadium carbide
precipitates (same Q-dependence of nuclear and magnetic scatter-
ing of the integral, Eq. (2)). Thus, for a quantitative analysis of the
chemical composition of precipitates by SANS, it is important to
fulfil the two following experimental conditions. First, measure at
temperatures high enough to avoid the formation of cementite, of
pearlite and in particular of martensite because in that case the
SANS signal from the dislocations would interfere with the signal
from the precipitates. Second, determine the SANS signal originat-
ing from the matrix without any precipitates. Both conditions have
been fulfilled by our in-situ SANS measurements, as we measured
at the isothermal holding temperatures of 650/700 °C and obtained
the matrix background at the soaking temperatures of 1050/1100
°C, where all precipitates are dissolved in the matrix.

The scattering events at the Larmor instrument at ISIS can be
recorded using event-mode data acquisition, where each neutron
detection event has its own time stamp. This feature is very con-
venient for kinetics measurements, because it allows to re-bin
the data over time slices that can be chosen after the measure-
ment. Larger time slices provide good measuring statistics, how-
ever, shorter time slices allow the following of the kinetics with a
higher temporal resolution. As the first hour of annealing is more
critical for the kinetics, consecutive 5 minute time slices are cho-
sen during the first hour at the isothermal holding temperature,
while consecutive 30 minute time slices are chosen for annealing
times longer than 1 h.

As a first step for determining the precipitate chemi-
cal composition evolution by in-situ SANS, the experimental
(dXZ/d2)Nuc(Q)/(d X [/dR2)mac(Q) ratio is calculated for all Q values
in each time slice during the isothermal annealing at 650 °C and at
700 °C of the three alloy steels of interest. Due to the aforemen-
tioned advantages that the in-situ SANS measurements allow for,
no considerable Q dependence of the (dX/d2)nyc/(dX/dR2)mag Ta-
tio is observed in each individual time slice (see Fig. 3). A weighted
average value for the (dX/dQ2)nuc/(dX/d2)vag is calculated for
each time slice and eventually the (dX/dQ2)Nyc/(dX/d2)pmac Over
time is obtained.

As a second step, we assume that the SANS signal arises from
precipitates with a chemical formula (FexV;_x-;Mn;)Cy and a NaCl
type crystal structure during the entire annealing process. This hy-
pothesis is based on literature studies of the VC, crystal structure
in low-carbon steels [5,13,21-23]. Other crystal structures for the
precipitates rather than NaCl are not considered, even though they
have been reported for medium carbon steels [25]. It is also possi-
ble that in the very early stage of the nucleation process, the em-
bryos have a different crystal structure than NaCl [24], however,
this is not taken into account. In the NaCl crystal structure, the Fe,
V and Mn atoms can occupy the metal positions in the lattice with
fractions of x, 1-x-z and z, respectively. The manganese fraction, z,
is very small compared to the iron and vanadium fractions. There-
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fore, it is considered constant and, for each steel at a specific tem-
perature, its value is the same as the equilibrium manganese frac-
tion in the precipitates as derived from ThermoCalc calculations.
The parameter y is the ratio of carbon, C, to metal, M, atoms, in the
precipitate, i.e.,, C:M, and indicates deviations from the stoichio-
metric ratio of the carbides. For stoichiometric precipitates y = 1,
but if vacancies are present at the carbon positions in the precipi-
tate lattice, y is smaller than 1. In addition, if there is a single type
of precipitate present in the steel with different stoichiometric ra-
tios of carbon-to-metal, y represents the weighted average of the
distribution of the carbon-to-metal ratios. The carbon-to-metal ra-
tio is found to be related to the precipitate size distribution. For
instance, in ref. [21], fine stoichiometric VC precipitates (y = 1)
and coarse V4C3 (y = 0.75) precipitates were identified by TEM.
Based on such literature findings [5,13,21-23], we consider 0.75 <
y < 1. For the ferritic matriX, zy,,ix iS the atomic fraction of man-
ganese in the matrix which is assumed constant during annealing
and equal to its nominal concentration in the alloys.

The ratio ApZnyc/Ap2umac is theoretically calculated as a func-
tion of the precipitate chemical composition, i.e., as a function of
the x and y parameters, with constant z.

The difference in the scattering length densities between
the precipitates and the iron matrix is ApNyc = PNUC matrix —
PNUC_precip- The scattering length density of the matrix is:

> (S b;
o ( ! ) (1 = Zmawrix) - bre + Zmatrix - bmn
PNUC_matrix = ~ (4)
Vbcc Vbcc
and the precipitates’ scattering length density is:
> (f by
j(] ])NX‘bFe‘F(l—X—Z)‘bv+z'an+Y'bC
PONUC_precip = Vo ~ [V
precip precip
(5)

where j stands for each individual element in the phase: j = Fe,
Mn, Vor C, and f;™ and f;P are the atomic fractions of each element
in the matrix and the precipitate unit cell, respectively. The V}. is
the atomic volume of the matrix and the V., the atomic volume
of the substitutional elements in the precipitates. They are calcu-
lated as: Vi = @®pec/2 and as Vprecip = @ precip/4- The apec and the
precip are the lattice parameters of the ferrite unit cell and of the
precipitate unit cell. The lattice parameter dependence on temper-
ature is considered for both precipitates [58] and matrix [59]. For
the precipitates, the additional dependence of the lattice parame-
ter on the precipitate stoichiometry, i.e. on the carbon vacancies
fraction, is also taken into account in the calculations [60]. The
numbers 2 and 4 used for the atomic volume of the matrix and
the precipitates calculation, respectively, are the total number of
metal atoms in the BCC ferrite matrix unit cell and in the precipi-
tate unit cell. The b; is the coherent scattering length of each ele-
ment j [61]. The coherent scattering lengths are bg. = 9.45 x 10-15
m for iron, bc = 6.646 x 10~1> m for carbon, by = -0.3824 x 10-13
m for vanadium and by, = -3.73 x 107> m for manganese. The
vanadium and carbon fractions in solid solution in the matrix are
excluded from the matrix contrast calculation because of their in-
significant numerical contribution.

Similar to the nuclear contrast between the matrix and
the precipitates, the magnetic contrast is Apyac = OMAG_matrix —
PMAG_precip- The matrix magnetic scattering length is:

(6)

In the ferritic matrix only the Fe is magnetic and the p pa-
rameter in Eq. (6) is its magnetic scattering length given by
p = 2.699 x 10-"m -+ u, where p is the saturation per iron atom
in wp units. The magnetization saturation temperature dependence

PMAG_matrix =
Vbcc
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Table 2
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Equilibrium precipitate chemical composition predicted by ThermoCalc.

annealing at.% of atoms in the precipitates precipitates’ chemical formula

Steel temperature (°C)
at.xVv at.%C at.%Fe at%Mn  (FexVi_x.:Mn;)C,

LCLV 650 44.75 46.58 8.35 0.31 (Feo.156 Vo.84aMng go6 )Co.872

700 46.18 46.49 7.10 0.23 (Feo.133Vo.86Mng 004 )Co 869
LCHV 650 51.65 45.62 2.66 0.06 (F60'049V0'95Mﬂ0_0m )Cglsgg

700 51.39 45,74 2.80 0.07 (Feo.050Vo.95Mng go1)Co.843
HCHV 650 45.72 46.54 7.48 0.25 (Feo.140Vo.86Mng 005 )Co.871

700 46.29 46.49 6.99 0.23 (FEQ]30V0437Ml’10.oo4)C04359

is taken into consideration as in ref. [62] and is equal to 147 ug
at 650 °C (corresponding to o*M ~ 1.45 T, where g is the mag-
netic permeability of the vacuum and M the magnetization) and
to 1.26 upg at 700 °C (corresponding to wo*M ~ 1.24 T) resulting
to a magnetic scattering length of 3.97 x 10~1> m at 650 °C and
3.39 x 10~ m at 700 °C.

The magnetic scattering from the precipitates depends on the
fraction of Fe in the precipitates and the corresponding magnetic
scattering length is:

p
Vprecip

PMAG_precip = X (7)

By combining Eq. (4)-(7), for each steel composition and for a
specific temperature, 650 °C or 700 °C, the A pZyyc/Ap%mac is ob-
tained as a function of the x and y, i.e., as a function of the pre-
cipitate chemical composition. Following Eq. (3), the experimental
intensity ratio evolution for each time slice is thus obtained as a
function of x and y:
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The presence of iron in the precipitates reduces both Ap2yyc
and Ap2yac. However, the decrease in Ap?yyc is much larger,
causing an overall reduction of Ap2nyc/Ap®mac. On the other
hand, the presence of carbon vacancies leads to an increase of
Ap?nuc]/ Ap?vac. Consequently, different combinations of x and
y can result in the same ratio of the nuclear-to-magnetic macro-
scopic differential scattering cross-sections as given by Eq. (8). In
order to overcome this complication and due to the fact that the
precipitate composition can be assumed to reach a plateau after 10
h of annealing according to the experimental SANS intensity ratios
(as will be shown in the Figs. 4-6 of the present study), the Ther-
moCalc software is used to determine the equilibrium precipitate
stoichiometry.

ThermoCalc equilibrium calculations of the precipitates chemi-
cal composition are performed for the three alloys at 650 °C and
at 700 °C. The results are listed in Table 2. In equilibrium, in all
alloys and at both temperatures, the precipitates are mainly vana-
dium carbides with less than 8.5% of iron and an even smaller frac-
tion of manganese (less than 0.5%) present. According to Thermo-
Calc, the equilibrium precipitate chemical composition in LCLV and
HCHV steels is very similar. In the LCHV steel at both tempera-
tures the concentration of iron and manganese in the precipitates
is less than the corresponding concentrations in the precipitates in
the LCLV and HCHV steels.

In the last column of Table 2, the precipitate stoichiometry is
presented based on the carbon-to-metal fraction as derived from
ThermoCalc. For solving Eq. (8), the y value for each steel at a spe-
cific temperature is assumed to be constant during annealing, and
equal to the equilibrium value given by ThermoCalc. Then the frac-
tion of iron in the precipitates during annealing is obtained from

2
X-bge+(1—X—2)-by+z-byin+y-bc )

(@) e
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Eq. (8) and the fraction of vanadium is the remaining metallic frac-
tion after the subtraction of iron and manganese fractions.

However, the validity of the assumption that y remains overall
constant during annealing, is questionable because it basically im-
plies that the precipitate (sub-)stoichiometry distribution is time-
independent. Moreover, y may also change with time because it
may be dependent on the size of the precipitates and the size
distribution changes with time. The time evolution of the precipi-
tate sub-stoichiometry distribution is included in the final chemi-
cal composition calculations by calculating boundaries for the iron
and vanadium fractions. Since a decrease of y and a decrease in
the amount of iron in the precipitates both result in an increase
in the ApZnyc/Ap?uac ratio, by solving Eq. (8) for a given exper-
imental ratio, y,;, = 0.75 will determine the upper boundary for
the Fe fraction. Accordingly, ymax = 1 will yield the lower bound-
ary for the Fe fraction. The boundaries in the fraction of vanadium
are calculated as the boundaries of iron subtracted from 1 for each
moment of annealing.

Summarizing, following this method, the precipitate chemical
composition evolution can be calculated for any steel composition
and for all possible precipitate sizes and shapes without fitting of
any parameters other than the composition parameters (e.g. pa-
rameters related to the precipitates size distribution). The com-
plexity, however, of the analysis increases when more alloying ele-
ments that can partially substitute vanadium in the vanadium car-
bide precipitate are included, or when different types of precipi-
tates with different size distribution evolution are present. More-
over, a limitation of the SANS technique is that it cannot directly
provide information on the precipitate crystal structure and on the
spatial distribution of the metal atoms within the precipitate. For
these reasons, complementary techniques like TEM and APT should
accompany and complement the SANS measurements.

4. Results and Discussion
4.1. Small-Angle Neutron Scattering

All nuclear and magnetic differential scattering cross-sections of
the LCLV, LCHV and HCHV steels obtained by in-situ SANS during
annealing at 650°C and at 700 °C are presented in the supplemen-
tary material of this paper (Fig. S2). Because of space limitations,
only an example, the differential scattering cross-section evolution
in the LCLV during annealing at 650 °C is shown in Figs. 2a and 2b
for the nuclear and the magnetic components, respectively. These
curves are obtained after background subtraction, and therefore
consist only of the precipitation scattering contribution. The sub-
tracted background signal consists of the furnace scattering con-
tribution and the scattering from a steel without precipitates (ob-
tained from the scattering of the samples at the soaking tempera-
ture, 1050 °C or 1100 °C). The SANS intensity during cooling (ob-
tained by using 1 minute time slices) is compared to the SANS sig-
nal at high temperatures and the curves are identical, indicating
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Fig. 2. a) Nuclear and b) magnetic differential scattering cross sections obtained during annealing of LCLV steel at 650 °C as a function of Q. The scattering curves of some

selected annealing times are shown.

that no precipitation takes place before the isothermal annealing
temperature is reached.

Four representative time slices are chosen and the SANS inten-
sity time evolution during isothermal holding is shown in Fig. 2.
Both nuclear and magnetic intensities are increasing with time due
to precipitation, and the magnitude of intensity increase depends
on the volume fraction of the precipitates formed. The intensity in-
creases more rapidly during the first hour of annealing, indicating
faster precipitation kinetics at the beginning of annealing than at
later stages. The intensity curves corresponding to shorter anneal-
ing times have larger error bars due to the re-binning of data over
shorter time slices than for the long annealing times.

Note that for short annealing times the precipitate size and vol-
ume fraction are small, therefore the measured scattering intensity
is low. In addition, the Q-range of the Larmor instrument is lim-
ited, affecting the accuracy in resolving the smallest precipitates.
However precipitates of size of ~1 nm can be detected as stated in
ref. [26].

Fig. 3 provides the (dX/dQ)nyc/(dX/d2)mac ratios obtained
by in-situ SANS measurements on the LCLV steel annealed
at 650 °C. The ratio is calculated from the scattering curves
of Figs. 2a and 2b. Note that the errors for short annealing
times are relatively large due to the limited counting statistics.
Since we observe no significant Q-dependence we calculate the
weighted average for the (dX/dQ)nyc/(dZ/dR)vac ratio over Q
for each time slice. The weighted average is calculated as the

npts npts
> ((rkorn) -Tn)/ Y. (1/130r.n), Where n stands for each indi-
n=1 n=1

vidual data point in Fig. 3, r, and rerorn are the experimental
((dX/d2)nuc/(dXZ/d2)mac)(Q) ratio and its error for each Q, re-
spectively, and npts is the number of the experimental data points.
The dotted lines in Fig. 3 represent the calculated weighted aver-
age of the nuclear to magnetic intensity ratio for each time slice.
The ratio is increasing during annealing of all the steels at both
650 °C and 700 °C and it is presented later in Figs. 4a-b, 5a-b and
6a-b.

Examples of nuclear and magnetic differential scattering cross
sections vs Q of all steels annealed at 650 °C and 700 °C are pro-
vided in the supplementary material (Fig. S3), showing the Q inde-
pendence of the (dX/d2)nyc/(dX/d2)mac ratio.

The experimental, weighted averaged, (dX/d2)nuc/(dZ/d2)mac
ratio evolution during annealing at 650 °C and at 700 °C is pre-
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sented for the LCLV, LCHV and HCHV steels in the graphs of
Figs. 4a-b, 5a-b and 6a-b, respectively. The missing points in the
graphs are due to an interruption of the neutron beam. The errors
in the experimental (dX/dQ)yyc/(dX/dR2)vac ratio are statistical
errors originating from the neutron measurements.

For all steels and at both temperatures, the
(dZ/dR)Nuc/(dX/dR2)mac ratio increases during annealing, in-
dicating changes in the precipitate chemical composition with
time. As shown in Figs. 4-6, the first 4 hours are the most crit-
ical for the precipitate chemical composition evolution while at
the later stages of annealing, the (dX/dQ2)Nyc/(dX/dQ2)yvag ratio
reaches a plateau value suggesting that the (metastable) equilib-
rium precipitate composition is reached. The smaller experimental
(dZ/dRQ)Nuc/(dZ[/dR2)mac ratio in the first hours of annealing
is mainly attributed to the presence of iron in the precipitates
which, as explained in the previous section, leads to a lower
Ap?Nucl Ap? vag-
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Fig. 3. Ratios of the nuclear to magnetic scattering cross sections plotted versus the
scattering vector, Q, on a logarithmic scale, for LCLV alloy samples annealed at 650
°C for different annealing times from the in-situ scattering curves of Figs. 2a and b.
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Fig. 4. Experimentally observed evolution of the ratio of the nuclear to magnetic scattering cross section of the LCLV steel during annealing a) at 650 °C and at b) 700 °C.
The derived precipitate composition evolution is shown in c¢) and d), respectively. The solid lines in the figure c and d are fits with Eq. (9).

The black dashed horizontal line plotted in Figs. 4a-b, 5a-b and
6a-b is the Ap2nuc/Ap®mac ratio that corresponds to the equi-
librium precipitate chemical composition according to ThermoCalc
(presented in Table 2). The green dashed horizontal line is the
theoretically calculated A p2nyc/Ap®mac ratio for stoichiometric
vanadium carbides that do not contain any iron but only a small
fraction of manganese given by ThermoCalc. This ratio (for stoi-
chiometric vanadium carbides) is temperature dependent and is
equal to 1.69 at 650 °C and 2.33 at 700 °C. Both Ap2yyc and
Ap?yac are lower at 700 °C than at 650 °C, but the ApZyac re-
duction is stronger due to the reduction in the magnetization of
the iron matrix at 700 °C compared to that at 650 °C. ThermoCalc
indicates a sub-stoichiometric equilibrium precipitate composition
for all steels (y < 1) and this is graphically shown by the black line
having a higher value than the green stoichiometric line for which
y = 1. The fact that we measure ratios above the corresponding ra-
tio for pure vanadium carbide (green lines), especially in the cases
of LCHV and HCHV at both temperatures, is a strong indication for
the presence of sub-stoichiometric carbides.

For the HCHV steel at both annealing temperatures, the exper-
imental (dX/dQ2)nyyc/(dX/d2)mac ratio is larger than the equilib-
rium and the stoichiometric ratios (Figs. 6a and 6b), implying that
the carbon-to-metal ratio in the precipitates of this steel is smaller
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than the ThermoCalc results. For this steel, a red dashed horizontal
line is plotted corresponding to (V,Fe,Mn)4Cs for comparison.

In order to quantify the evolution of iron and vanadium frac-
tions in the precipitates, we follow the method described in
Section 3. The results are presented in Figs. 4c-d, 5¢c-d and 6¢-d for
the three steels. The marker dots for the iron and vanadium frac-
tions result from the solution of Eq. (8) using y from ThermoCalc
for each steel at each temperature. The error bars reflect the statis-
tical error from the SANS measurements. They are calculated from
the experimental (dX/d2)yyc/(dX/d2)mac ratio errors, after solv-
ing Eq. (8). The shaded areas in the iron and vanadium fractions
reflect the spread in the iron and vanadium fractions in the pre-
cipitates during annealing when the upper (ymax = 1) and lower
(Ymin = 0.75) values for y are applied to Eq. (8). The iron and vana-
dium fractions can vary between 0 and 1, setting the upper bound-
ary for y during annealing (boundaries in the shaded areas in Figs.
4-6). According to Figs. 4-6, the precipitates in the LCLV steel at
both temperatures tend to a more stoichiometric distribution than
the LCHV and HCHV steels, indicated by the larger y values.

For the HCHV steel annealed at 700 °C, y = 0.869 is given by
ThermoCalc. However, by applying our method, the calculated iron
and vanadium fractions in the precipitates are physically possible
only for the first hours of annealing. y = 0.869 yields a negative
iron fraction and a vanadium fraction larger than 1 after 300 min
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Fig. 5. Experimentally observed evolution of the ratio of the nuclear to magnetic scattering cross section of the LCHV steel during annealing a) at 650 °C and at b) 700 °C.
The derived precipitate composition evolution is shown in c¢) and d), respectively. The solid lines in the figure c and d are fits with Eq. (9).

of annealing (Fig. 6d). This means that, either ThermoCalc gives a
larger value for y than the experimental one from SANS (the final
experimental (dX/dQ2)nyc/(dX/d2)mac ratio can be reached if the
carbon-to-metal ratio is set to y = 0.75 in the model - Fig. 6d),
or that in the HCHV steel the precipitates possibly have a differ-
ent crystal structure than that of the precipitates in the steels with
the lower carbon concentration (LCLV and LCHV steels). However,
evidence of a different precipitate crystal structure in the precipi-
tates of the HCHV steel is not pronounced at 650 °C. The evolution
of the iron and vanadium content in the precipitates in the HCHV
steel at 700 °C is calculated only for the first 300 min of annealing.
The presence of metastable precipitates that have not yet reached
the equilibrium precipitate composition is a possible reason for the
difference between the precipitate chemical composition measured
experimentally and the one given by ThermoCalc according to ref.
[14].

The iron fraction in the precipitates decreases with time, with
the iron being substituted by vanadium in the precipitate lattice, so
that the fraction of vanadium in the precipitates is increasing with
time. Since the precipitate size is becoming larger during isother-
mal holding (precipitate growth and coarsening), our analysis con-
firms the presence of iron in small vanadium carbides, in agree-
ment with ref. [26]. Comparing the precipitate chemical compo-
sition evolution plots for the precipitates in the LCLV and LCHV
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steels (Figs. 4 and 5), we conclude that the addition of vanadium
to the steel nominal composition leads to the formation of pre-
cipitates with a higher vanadium concentration. At both tempera-
tures, more vanadium is included in the precipitates of LCHV and
HCHV steels than in the LCLV steel as there is twice the amount
of vanadium in the steels’ nominal composition. Consequently, the
addition of vanadium to the steel nominal composition enhances
the presence of vanadium rich precipitates, with less iron and a
smaller carbon to metal ratio.

These precipitates are initially metastable with a high iron
concentration and their composition gradually evolves towards
equilibrium during annealing. Similar conclusions are reported in
[15,16] regarding the presence of iron in niobium carbides. A possi-
ble reason for the presence of iron is that it lowers the precipitate
strain energy through the precipitate-matrix lattice misfit reduc-
tion, resulting in a higher net driving force (the sum of the chem-
ical free energy difference and the strain energy) and therefore re-
duced activation energy for precipitate nucleation as explained in
[29] for (Ni,Al,Mo) precipitates and in [15,16] for niobium carbides.
Quantitatively, the average metal fraction of iron in the precipi-
tates in all steels reduces from a value larger than 0.65 in the ini-
tial stage of precipitation to a value smaller than 0.15 in the later
stages. In the LCHV steel, both at 650 and at 700 °C, the final frac-
tion of iron in the precipitates is much less (and the amount of



C. loannidou, A. Navarro-Lépez, A. Rijkenberg et al.

Acta Materialia 201 (2020) 217-230

HCHYV 650 °C HCHYV 700 °C
g a) b ,
2 3 ¢ 40 L 30 2 d
a * Y L R 3
Q ::BZE;::::::::::::::::::::::
N ---------------------------- 0:'
3 2 s * *
\L) ::::::::;:':':::‘,::’:::’:'t::’:::: $
/-\E &
g |, ¥
Q 4
A
o
~—~
0 l‘ %
C) d)
L<T1: &2 1.0 j//?‘i‘f'l_\"‘in precipitate
S = 08 e s 075
Q7 i vV in \\rcc\i‘“‘\ ~ y=0.72 1[
g5 1%
g L 06 7 .
Q o i
S g
E =04 fy :
5 'z 0.2 B iy, y=0.75
R T T 1 y=( »e
== R+~ BESES St A—
6 R Fe in precipitate
0 200 400 600 0 200 400 600
time (min) time (min)

== AP /AP g €Quil from ThermoCalc

¢ (d¥dQ),,/dZdQD),, .

from SANS
- = AP i/ APPyaqs ThermoCalc for y=0.75

V in precipitates from ThermoCalc
V in precipitates from SANS
— exponential fit of V concentration

Fig. 6. Experimentally observed evolution of the ratio of the nuclear to magnetic scattering cross section of the HCHV steel during annealing a) at 650 °C and at b) 700 °C.
The derived precipitate composition evolution is shown in ¢) and d), respectively. The solid lines in the figure c and d are fits with Eq. (9).

vanadium is much higher) than the corresponding fraction in the
LCLV steel. This composition effect is a purely thermodynamic ef-
fect, as it is also shown in the equilibrium precipitate composition
provided by ThermoCalc (Table 2).

It is important to note that, despite the fact that in the LCLV
and HCHV steel the vanadium and carbon have the same atomic
ratio (equal to 1) in the nominal composition and that ThermoCalc
predicts the same precipitate composition in these two steels, the
experimentally measured precipitate composition differs between
the LCLV and HCHV alloys. This, in turn, could affect the resulted
precipitation and modulus strengthening of the steel.

4.2. Rate of change in the precipitate chemical composition evolution
by SANS

In order to calculate the rate of change in the precipitate chem-
ical composition in the three steels, the calculated fraction of vana-
dium in the precipitates is fitted to the following equation:

Vmetal_fraction (t) =A-B- exp (_k . l’), (9)

where A and B are fitting parameters dependent on the matrix and
precipitate composition and on the annealing temperature. The k
factor describes the rate of change in the precipitate chemical com-
position and t is the time. The fitting curves are shown in Fig. 4c-d,
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5c-d, 6¢-d and in Fig. 7a-b and the k factor is graphically presented
for the three steels annealed at 650 °C and at 700 °C in Fig. 8.

Figs. 7a and 7b show the evolution of the metal fraction of
vanadium in the precipitates during annealing at 650 °C and at 700
°C, respectively. The individual points are obtained from the ex-
perimental data after solving Eq. (8) using the y-value from Ther-
moCalc as explained above. These points are also presented in
Figs. 4c-d, 5c-d and 6¢c-d. The dashed lines result from the fitting of
these data points, i.e., from the fitting of the fraction of vanadium
in the precipitates (Eq. (9)).

At a fixed temperature, 650 °C or 700 °C (Fig. 7a and 7b, respec-
tively), changes in the precipitate chemical composition are faster
in the LCHV and HCHYV steels due to their excess of vanadium with
respect to LCLV steel. This is reflected also in the larger k factor for
LCHV and HCHV compared to the LCLV steel at a specific temper-
ature (Fig. 8). The carbon has also an accelerating effect on the ki-
netics of evolution of the precipitate chemical composition at both
temperatures (Figs. 7a and 7b). This is visible also by the larger k
factor in the HCHV than in the LCLV and LCHV steels (Fig. 8).

As shown in Fig. 8, the k factor is larger at 700 °C than at 650
°C for all steels corresponding to faster changes in the precipitate
chemical composition at 700 °C, which can be attributed to a faster
-thermally activated- vanadium diffusion. According to Fig. 8, the
influence of temperature in the rate of change in the precipitate
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the precipitates in the LCLV, LCHV and HCHV.

chemical composition in the LCHV and HCHV steels clearly in-
creases with increasing temperature. In the LCLV steel, the rate of
change in the precipitate chemical composition increases with in-
creasing temperature as well, however, the influence of tempera-
ture is smaller in this steel, suggesting that the impact of the in-
creased vanadium diffusion is more evident in steels with a higher
vanadium fraction.

The driving force for the precipitation of vanadium carbides in
ferrite at 650 °C and at 700 °C is calculated using ThermoCalc
ortho-equilibrium calculations. The results are listed in Table 3. For
each steel, the driving force for precipitation is smaller at 700 °C
than at 650 °C as expected due to the increase in the solubility of
the precipitates when the temperature increases [9,63], and com-
parable to the values reported in [63].

The nucleation rate of the precipitates depends on the driving
force for precipitation as described by [64]:

AG*+QD>

kBT (10)

N « exp <—
In Eq. (10), Qp is the activation energy for vanadium diffusion,

T is the temperature, kg is the Boltzmann constant and AG* is the

activation energy for the nucleation of the precipitates given by:

v
AG = — (11)
(AGy — &)

where AGy is the chemical driving force for the nucleation of the

precipitates and gs is the misfit strain energy between the precipi-

tates and the matrix. The W parameter is equal to [65]:

3
4
[\ Ez‘o
27\ 4 AT

(12)

and it contains information about the energies, o, between the in-
terfaces [ that are involved in the nucleation process and the shape
of the critical nucleus (reflected by the coefficients z,! and z!)
[65]. The W parameter is dependent on the coherency of the pre-
cipitate/matrix interface, therefore, dependent on the iron content

Table 3
Driving force for precipitation in ferrite and precipitate dissolution temperature in the three steels of interest according to
ThermoCalc.
driving force for precipitation in ferrite, AGy precipitate dissolution
- - temperature in °C

Steel annealing at 650 °C annealing at 700 °C

LCLV 24.3 kJ/mol (=2229 MJ/m3) 21.0 kJ/mol (=1925 MJ/m?3) 990

LCHV 26.9 kj/mol (=2462 MJ/m3) 23.7 kJ/mol (=2173 MJ/m3) 1060

HCHV 28.8 kj/mol (=2642 M]/m3) 25.8 kJ/mol (=2361 MJ/m?) 1069
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in the precipitates due to the fact that the presence of iron in the
precipitates can reduce the precipitate/matrix lattice misfit [15,16].
Consequently, because a higher fraction of iron in the precipitates
increases the coherency of the precipitates and thus reduces the
interfacial energy between the precipitates and the matrix, it even-
tually reduces W. This leads to a decrease in the activation en-
ergy for the precipitate nucleation, AG*, and consequently to an
increase in the nucleation rate, N Eq. (10)-((12)). In addition, the
presence of iron in the precipitates reduces the strain energy be-
tween the precipitate and the matrix, gs, which, based on Eq. (11),
also reduces the activation energy for the precipitate nucleation,
AG*, and, increases N, explaining that the presence of iron in the
precipitates in the first stages of annealing is critical for the entire
nucleation process. The presence of iron in the precipitates affects
also the chemical driving force for the nucleation, AGy. Iron in the
precipitates reduces AGy and consequently the nucleation rate, N
Egs. (10) and ((11)). Our observations seem to favour iron-rich pre-
cipitates in the beginning of annealing, indicating that the latter
effect of iron on reducing the chemical driving force and conse-
quently reducing the N is minor compared to its effect on reducing
the lattice misfit and the strain energy and consequently increasing
the N. The presence of carbon vacancies in the precipitates has also
an influence on the driving force for precipitation and the nucle-
ation rate through the parameters of Eq. (10), (11) and (12), how-
ever, these effects are not quantified here because of the lack of
sufficient data.

Based on Egs. (10) and (11), the smaller driving force for pre-
cipitation, AGy, at 700 °C in all steels (Table 3) results in a higher
activation energy for the precipitate nucleation, AG*, and therefore
to a reduced nucleation rate, N.

Precipitates nucleate at a lower rate at 700 °C than at 650 °C
[63] (see also the APT results below) but due to the larger mobil-
ity of the precipitating elements at 700 °C, the precipitate growth
rate is larger at 700 °C and therefore faster changes in the precipi-
tate chemical composition are observed at this temperature (the k
factor is larger Fig. 8).

By increasing the vanadium content in the steel at a certain
temperature (see the comparison between LCLV and LCHV steels
in Table 3), the driving force for vanadium carbide precipitation
becomes larger (in agreement with [22] and [63]) at both temper-
atures. This is attributed to the fact that the addition of vanadium
to the steel results in an increased concentration of vanadium at
the a/y interface due to the solute drag effect.

We observe that an increase in the overall carbon concentra-
tion leads to an increase in the rate of change in the precipitate
chemical composition. A possible explanation for this observation
is as follows. The bulk carbon content also affects the precipita-
tion driving force. The carbon addition also increases the precipi-
tate dissolution temperature (Table 3 - comparison between LCHV
and HCHYV, consistent with [63]). However, a larger carbon content
in the steel composition may retard the austenite-to-ferrite phase
transformation due to the carbon enrichment in austenite [26] and
consequently it might be possible that the vanadium segregation
and supersaturation at the o[y interface is enhanced, causing an
increase in the driving force for precipitation (Table 3 - compari-
son between LCHV and HCHV) and consequently an increase in the
rate of change in the precipitate chemical composition. However,
the latter needs to be verified experimentally.

The values for the driving force for precipitation presented
in Table 3 are based on the assumption that the vanadium car-
bide precipitation takes place in the bulk ferrite. In reality, these
values can be different when the precipitates nucleate during
the austenite-to-ferrite phase transformation in the moving o/y
boundary, in which the local concentration of the elements is
somewhat different.
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Fig. 9. From left to right: 3D APT maps of V atoms in LCLV, LCHV and HCHV after
annealing at 650 °C for 10 h, and of LCLV after annealing at 700 °C for 10 h. The
maps are superimposed with 2at.%V iso-concentration surfaces.

Summarizing, the alloying additions of vanadium or carbon to
the steel nominal composition can increase the driving force for
precipitation at a specific temperature. The rate of change in the
precipitate chemical composition depends on the driving force for
precipitation (which is influenced by the alloy composition, the
concentration of elements at the «/y interface, the solute drag ef-
fect and the precipitate chemical composition) as well as on the
diffusivity of the precipitating elements as vanadium through their
effect on the precipitate/matrix interface velocity. For each steel
annealed at a specific temperature, the parameter that has the
dominant effect over the others is the one that eventually controls
the rate of change in the precipitate chemical composition.

4.3. Precipitate chemical composition determined by Atom Probe
Tomography

Fig. 9 shows representative 3D vanadium atom maps for LCLV,
LCHV and HCHV steel tips measured by APT. All maps are superim-
posed with 2 at.%V iso-concentration surfaces. Vanadium rich re-
gions are clearly distinguished in all tips and correspond to vana-
dium carbides since carbon enrichment is also measured in these
regions (an example is provided in Fig. S4 in the supplementary
material of this paper). The first three maps belong to LCLV, LCHV
and HCHV specimens isothermally annealed in the dilatometer at
650 °C for 10 h. Spherical/slightly ellipsoidal precipitates larger
than 2 nm have been formed after 10 h at 650 °C in all steels.
Much larger precipitates are seen after 10 h at 700 °C in all steels.
A representative example of a tip of a LCLV specimen annealed at
700 °C for 10 h is shown in the fourth tip of Fig. 9.

Proximity Diagrams (proxigrams) [66] calculated using iso-
concentration surfaces (iso-surfaces) of 2 at.%V are used to pro-
vide the precipitates’ chemical composition profile. After 10 h of
isothermal holding at 650 °C or at 700 °C, the precipitates have
reached a stable composition according to SANS (Figs. 4-6). The
precipitate chemical composition analysis is performed by the use
of proxigrams in all steels after 10 h of annealing.

As a representative example, the radially averaged 1D composi-
tion profiles of two precipitates in the LCHV steel annealed at 700
°C for 10 h are shown in Figs. 10a and 10b. More composition pro-
files of precipitates in LCLV, LCHV and HCHV steels can be found
in the supplementary material (Figs. S5-S7). No manganese enrich-
ment is measured by APT in the precipitates in any of the three
alloy steels in agreement with ThermoCalc calculations, therefore
the amount of manganese is not plotted in the proxigrams for the
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Fig. 10. Proxigrams of two representative precipitates with different stoichiometry in the LCHV steel annealed at 700°C for 10 h. In a), the carbon-to-metal ratio is closer to

the stoichiometric ratio than in b).
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Fig. 11. Representative proximity diagrams of two precipitates differing in stoichiometry in the LCLV steel annealed at 700°C for 10 h. In a), the carbon-to-metal ratio is

closer to the stoichiometric ratio than in b).

sake of simplicity. Precipitates with a small and comparable frac-
tion of iron in the core and with different substoichiometric ratios
are found in all steels.

The two precipitates in Figs. 10a and 10b are from two different
APT tips extracted from the same sample area of the LCHV steel
annealed at 700 °C. Fig. 10a shows the radially averaged 1D com-
position profile of a precipitate in which the carbon-to-metal ratio
is close to the stoichiometric one while Fig. 10b shows the profile
of a precipitate in which the carbon-to-metal ratio is much lower
that the stoichiometric ratio. Such differences in the stoichiome-
try of the precipitates are found in all alloys. In both precipitates,
iron is detected in the core in a fraction of a few at.% which is
consistent with the equilibrium precipitate composition given by
ThermoCalc.

A gradual increase of vanadium and carbon along with a de-
crease of iron concentration from the surface to the precipitate
core is observed. However, inconsistencies in the concentration
profile of the precipitates’ surface are possible as a result of the
local magnification effect [38] in APT, which causes misidentifica-
tion of atoms close to the precipitate/matrix interface.

The proxigrams in Figs. 11a and 11b belong to precipitates in
the LCLV steel annealed at 700 °C for 10 h. Like in Figs. 10a and
10b, the precipitates in Fig. 11 are from two different tips but from
the same sample area of the LCLV steel. The precipitate in Fig. 11a
has a composition closer to stoichiometry and the one in Fig. 11b
has a lower carbon-to-metal ratio. APT therefore shows that sub-
stoichiometric precipitates are also present in the LCLV steel, in
which the presence of substoichiometric precipitates is not ob-
vious from the experimental SANS (dX/dQ2)nyc/(dX/dQ)mac Ta-
tio evolution (Figs. 4a and 4b). In these figures, the experimen-
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tal ratio does not reach the green dashed horizontal line which
is the theoretical ratio that the precipitates would have if they
were stoichiometric. The experimental (dX/dQ2)nuc/(dX/d2)mac
values in the LCLV steel are lower than the theoretical stoi-
chiometric ratio and this can explained by the presence of iron
in the precipitates which reduces the (dX/dQ2)nyc/(dXZ/dR)mac
ratio.

The APT results confirm qualitatively the presence of a distribu-
tion of precipitates with different carbon-to-metal ratios, ranging
from 0.75 to 1, in the same alloy treated at the same tempera-
ture. A quantitative analysis, which would lead to the determina-
tion of the substoichiometric distribution of the precipitates, can-
not be performed due to the local nature of the APT measurements
which leads to limited statistics, to the directional walk effect [43],
which causes inconsistencies in the measured carbon concentra-
tion, and to the limited effective spatial resolution of APT for small
particles or precipitates [67].

The proxigrams also show that precipitates with a similar size
can have different carbon-to-metal stoichiometry. This result sug-
gests that the stoichiometry of a precipitate is not only size de-
pendent but also a function of many other factors such as tem-
perature, precipitate coherency, steel nominal composition, time
of nucleation or growth/coarsening rate. Due to all these factors,
the overall stoichiometry distribution can slightly vary during an-
nealing. For instance, in the early stages of nucleation, iron-rich
clusters coherent to the matrix are formed, which later transform
into incoherent precipitates that may have different crystal struc-
ture [14,68]. The lattice parameter and consequently the coherency
of the precipitates is controlled by the solute elements fractions.
During the transition from coherent to incoherent particles, the
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precipitate-matrix interfacial energy increases thus a larger frac-
tion of vacancies is necessary for the precipitate stability, causing
a slight gradual decrease in the carbon-to-vanadium ratio [14]. This
could be an additional reason for a slight change in the precipitate
stoichiometry during isothermal holding. Small inhomogeneities in
the steel chemical composition or slight temperature deviations
between different specimen areas can also affect the precipitate
chemical composition.

The in-situ SANS measurements are performed in a sample vol-
ume of ~102° nm3, which is approximately 14 orders of magnitude
larger than the typical volume that is normally analysed by APT
(~10% nm?3), consequently probing a larger number of precipitates
and therefore providing better statistics on the chemical composi-
tion of the precipitates.

5. Conclusions

Our in-situ SANS investigation of the evolution of the precipi-
tate chemical composition at 650 °C and at 700 °C in three vana-
dium micro-alloyed steels with different vanadium and carbon
contents, provides unique insight into the time evolution of the
precipitate chemical composition and opens up new possibilities
for future investigations.

Our results indicate that precipitation of vanadium carbides
takes place according to the following schemes. The precipitates
are initially metastable with a high iron concentration and their
composition gradually evolves during annealing. The initial high
iron concentration in the precipitates can be explained by the abil-
ity of iron to reduce the precipitate-matrix misfit and reduce the
activation energy for precipitate nucleation. The iron content in the
precipitates depends on the steel composition, the annealing tem-
perature, the precipitate size and the annealing time. The fraction
of iron in the precipitate is gradually decreasing during annealing,
being substituted by vanadium and leading to the formation of the
vanadium carbide phase. The precipitates are sub-stoichiometric,
i.e., the carbon-to-metal ratio in the precipitates is smaller than
1, possibly because the presence of carbon vacancies in their lat-
tice can increase their stability. Addition of vanadium to the steel
nominal composition leads to precipitates that are richer in vana-
dium and with less iron during the entire precipitation process, in
case we assume that the carbon to metal ratio is given by Ther-
mocCalc, i.e. smaller carbon to metal ratio for the alloys with more
vanadium.

Faster changes in the precipitate chemical composition are ob-
served at 700 °C in all steels because of the faster diffusion of
vanadium at 700 °C than at 650 °C. At the same temperature, at
650 °C or 700 °C, an increase of both vanadium and carbon overall
content accelerates the changes in the precipitate chemical com-
position during annealing as a result of a higher driving force for
precipitation.

By in-situ SANS, the chemical composition evolution of the pre-
cipitates can be calculated in any steel irrespective of the precip-
itates shape and size distribution. Complementary APT measure-
ments prove the presence of precipitates with a distribution of
carbon-to-metal ratios, ranging from 0.75 to 1, after 10 h at 650
or 700 °C in all steels.
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