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a b s t r a c t 

The precipitation kinetics of vanadium carbides and its interaction with the austenite-to-ferrite phase 

transformation is studied in two micro-alloyed steels that differ in vanadium and carbon concentrations 

by a factor of two, but have the same vanadium-to-carbon atomic ratio of 1:1. Dilatometry is used for 

heat-treating the specimens and studying the phase transformation kinetics during annealing at isother- 

mal holding temperatures of 900, 750 and 650 °C for up to 10 h. Small-Angle Neutron Scattering (SANS) 

and Atom Probe Tomography (APT) measurements are performed to study the vanadium carbide pre- 

cipitation kinetics. Vanadium carbide precipitation is not observed after annealing for 10 h at 900 and 

750 °C, which is contrary to predictions from thermodynamic equilibrium calculations. Vanadium carbide 

precipitation is only observed during or after the austenite-to-ferrite phase transformation at 650 °C. The 

precipitate volume fraction and mean radius continuously increase as holding time increases, while the 

precipitate number density starts to decrease after 20 min, which corresponds to the time at which the 

austenite-to-ferrite phase transformation is finished. This indicates that nucleation and growth are domi- 

nant during the first 20 min, while later precipitate growth with soft impingement (overlapping diffusion 

fields) and coarsening take place. APT shows gradual changes in the precipitate chemical composition 

during annealing at 650 °C, which finally reaches a 1:1 atomic ratio of vanadium-to-carbon in the core of 

the precipitates after 10 h. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

The improvement of fuel economy, the reduction of CO 2 emis-

sion, and the fulfilment of European Union initiatives [1] and

legislations [2] are key drivers for the automotive industry nowa-

days to reduce the vehicle weight. This includes weight reduction

in the chassis and suspension system, which requires that steel

offers high strength, ductility and stretch flange-ability for the

manufacturing of intricate and complex light-weight components.

Micro-alloyed steels containing nano-sized precipitates in a ferrite
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atrix are promising candidates to meet these requirements

imultaneously [3–6] and are already used in chassis and suspen-

ion parts [3 , 4 , 7–9] . However, these alloys contain a considerable

mount of micro-alloying additions [6] . Based on the above de-

ands, resource-efficient steels, which contain smaller amounts

f micro-alloying elements and critical raw materials [10] while

aintaining their good mechanical properties, are of great interest.

Titanium (Ti), niobium (Nb), molybdenum (Mo) and vanadium

V) are widely used as micro-alloying elements to improve the per-

ormance of steel through their effect on the microstructure and

onsequently on the mechanical properties [3–6 , 11–22] . These el-

ments contribute to grain size refinement, recrystallization retar-

ation and precipitate formation. The focus of the present work

s on vanadium, which is well known for providing precipitation

trengthening to steels and which has, therefore, attracted a lot of

https://doi.org/10.1016/j.actamat.2019.09.046
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2019.09.046&domain=pdf
mailto:c.ioannidou@tudelft.nl
https://doi.org/10.1016/j.actamat.2019.09.046
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Fig. 1. Schematic representation of the thermal cycles applied in the dilatometer. 
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nterest in the last decades [4 , 6 , 13 , 15–20 , 23 , 24] . Vanadium carbide

VC) precipitation can take place in the migrating austenite/ferrite

nterface during the austenite-to-ferrite phase transformation, i.e.

nterphase precipitation, and in ferrite. The solubility of the vana-

ium carbides in austenite is high, higher than the solubility of

he carbides of Ti and Nb, and therefore vanadium carbides do not

end to form in austenite. However, due to the solubility drop of

anadium carbide when austenite transforms to ferrite, interphase

recipitation as well as precipitation in ferrite are favoured [15] .

his reduces the rate of precipitate coarsening and leads to a fine

recipitate distribution, which is critical for the hardening of the

teel [15] . Due to the beneficial contribution of the vanadium car-

ides to the overall mechanical properties of steel and the neces-

ity to make optimum use of vanadium, more research is required

o understand the vanadium carbide precipitation and its interac-

ion with the austenite-to-ferrite phase transformation. 

Extensive research has been carried out on vanadium carbides

nd it is found that the precipitates’ characteristics and kinetics

re strongly dependent on the steel composition and treatment

onditions. The transformation temperature and time are critical

actors for the precipitation, determining the type of precipitation

interphase or random) and the precipitate size, shape, compo-

ition, number density and volume fraction [15–29] . The vana-

ium carbide crystal structure is observed to be of the NaCl-type

f stoichiometric VC [16 , 24] , VC 0.9 [20] , V 4 C 3 [13 , 27] , or V 6 C 5 [28] ,

n a range of transformation temperatures from 600 to 700 °C.

he vanadium carbide precipitates have a Baker Nutting orienta-

ion relationship with the BCC ferrite matrix [16 , 30] , while their

ucleation is favourable at non-Kurdjumov-Sachs ferrite/austenite 

nterfaces [31 , 32] . Their shape can be spherical [13 , 17–19 , 23 , 24] ,

isk-like [13 , 20 , 24] , ellipsoidal [19 , 20] , rod-like [13] , needle-like or

uboid [27] , depending on the conditions described above. Further-

ore, different levels of alloying elements (like Mo, Ti, Nb and

) are found to affect the vanadium carbide precipitates com-

osition [13 , 15 , 16] , shape [13 , 27] and preferable growth direction

13 , 15 , 16 , 27] . For instance, in ref. [13] , in low-carbon steels con-

aining vanadium and molybdenum, the latter is present in the

recipitates, forming disk-shaped (V,Mo)C growing along the (001)

errite plane, and rod-shaped (V,Mo) 4 C 3 growing along the (011)

errite plane. 

Transmission Electron Microscopy (TEM) and Atom Probe To-

ography are mainly used for the precipitates characterization

12–14 , 17–21 , 23–28 , 31–34] . Detailed research on vanadium carbide

recipitation in low-Carbon steels has been done by Kamikawa

t al. [19] and Zhang et al. [26 , 29] , who have extensively measured

he precipitate size distribution and number density and their ef-

ect on the mechanical properties of the steel as a function of tem-

erature and for various steel compositions. However, scarce litera-

ure on the kinetics of the precipitation is reported. Moreover, APT

nd TEM are limited in providing accurate statistical information

n precipitate size distribution, number density and volume frac-

ion, since the measured sample volume is usually relatively small

in the order of ∼10 6 nm 

3 ). 

Small-Angle Neutron Scattering delivers statistical information

egarding the average size, volume fraction, number density and

ize distribution of precipitates over larger specimen volumes

35] (e.g. 10 × 10 × 1 mm 

3 ). Previous SANS studies have been per-

ormed on Ti-Mo micro-alloyed steel [14] , NbC precipitates in

ustenite [22] and in ferrite [36] , Fe-Cu alloys [37] , Fe-Au alloys

38] , maraging steels [39] and low-carbon steels [40] . SANS mea-

urements on low-carbon V-micro-alloyed steels have only recently

een reported [20 , 23 , 24] . The precipitation kinetics of disk-shaped

nd oblate vanadium carbides at 700 °C in a low-carbon steel [20] ,

nd of spherical and disk-shaped vanadium carbides in a tempera-

ure range from 600 to 700 °C in a medium-carbon steel, has been

haracterised by SANS at room temperature [24] . 
The present study aims to provide quantitative information on

he vanadium carbide precipitation kinetics in low-Carbon steels

iffering in vanadium and carbon content and heat treated at dif-

erent temperatures (900, 750 and 650 °C) than previously reported

n the literature. Emphasis is given on the kinetics of precipitation

or up to 10 h of annealing, on the interaction of the precipita-

ion kinetics with the austenite-to-ferrite phase transformation ki-

etics and on the time evolution of the precipitate chemical com-

osition during annealing. Small-Angle Neutron Scattering is com-

ined with dilatometry, Atom Probe Tomography and Transmission

lectron Microscopy for a comprehensive study of the precipitation

nd phase transformation kinetics. 

. Experimental 

Two Fe-C-Mn-V steels were produced by Tata Steel as 3 mm

hick hot-rolled plates. The chemical composition of the alloys is

isted in Table 1 . The two steels have different carbon and vana-

ium contents, therefore, they are referred to as LCLV (low carbon

 low vanadium alloy) and HCHV (high carbon - high vanadium al-

oy) in this study, whereas the content of other alloying elements

s kept as low as possible. The HCHV steel contains twice the frac-

ion of vanadium and carbon with respect to the LCLV steel and

he atomic ratio of V:C is 1:1 in both steels. 

Rectangular dilatometry specimens with dimensions 

4 × 10 × 1 mm 

3 are machined from the centre of the as-received

lates. These specimens are heat treated in a DIL-805 A/D

ilatometer in which inductive heating under a low pressure of

0 −4 mbar is used, while cooling is achieved by a flow of helium

as. An S-type thermocouple is spot-welded in the centre of the

pecimen surface in order to control and monitor the temperature

uring the thermal cycle. The change in length of the specimen is

ecorded as a function of temperature and the obtained dilatom-

try data are used to study the phase transformation kinetics

n each treatment. Micro-segregation of alloying elements like

anganese and vanadium is considered not significant based

n Electron Probe Micro-Analysis (EPMA), therefore no prior

omogenisation treatment of the steels is performed. 

The heat treatments performed in the dilatometer are schemat-

cally shown in Fig. 1 . The specimens are heated to a high temper-

ture (1050 °C for the LCLV and 1100 °C for the HCHV steel) in the

ustenitic region for 15 min. These temperatures are chosen to be

0 °C above the precipitates’ dissolution temperature in each steel

s predicted by the Thermo-Calc software [41] . The precipitates’

issolution temperatures are 994 °C and 1050 °C for the LCLV and

CHV steels, respectively (see Fig. 2 ). One specimen of each alloy

s quenched to room temperature after soaking. These specimens

re used to measure the prior austenite grain size (PAGS) with a

EYENCE VHX-50 0 0 Digital Optical Microscope, which is calculated

ccording to the equivalent diameter criterion in ImageJ software
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Table 1 

Chemical composition of the steel samples in weight percent (wt%) and atomic percent (at%) with balance Fe. 

Steel C Mn V Si P Mo Cu Nb S Cr Al N Ti 

LCLV wt% .07 1.84 .29 .010 .0010 < 0.005 < 0.005 < 0.0010 .0016 .010 .004 < 0.001 .0001 

at% .33 1.86 .32 .026 .0018 < 0.003 < 0.004 < 0.0006 .0028 .011 .008 < 0.004 .0001 

HCHV wt% .14 1.83 .57 .013 .0010 < 0.005 < 0.005 < 0.0010 .0010 .007 .008 < 0.001 .0007 

at% .62 1.85 .62 .026 .0018 < 0.003 < 0.004 < 0.0006 .0017 .007 .002 < 0.004 .0008 

Fig. 2. Precipitate volume fraction versus temperature and the A 1 and A 3 transition 

temperatures for the LCLV and HCHV steels as predicted by ThermoCalc [41] . 
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[42] . The specimens have been prepared by following the stan-

dard metallographic preparation procedure, which includes grind-

ing, polishing to 1 μm and etching with picric acid. The other spec-

imens are cooled at a rate of 15 °C/s from the soaking temperature

to a lower temperature (900, 750 or 650 °C), where an isothermal

annealing is applied for different holding times (10 s, 30 s, 1 min,

2 min, 5 min, 7 min, 10 min, 20 min, 45 min, 2 h and 10 h). The

isothermal holding temperatures have been chosen based on the

ThermoCalc [41] predictions presented in Fig. 2 , aiming to study

the precipitation kinetics in austenite, during the austenite-to-

ferrite phase transformation and in ferrite. Analysis of the dilatom-

etry data indicates that the phase transformation takes place only

during the isothermal holdings and not during cooling from the

soaking temperature to the isothermal holding temperature. The

thermal cycle is completed by a rapid quench to room temperature.

The microstructural evolution of the LCLV and HCHV steels dur-

ing annealing at the three isothermal holding temperatures is re-

vealed by means of Scanning-Electron Microscopy (SEM). The SEM

measurements are performed at room temperature using a JEOL

JSM 6500F microscope on the specimens previously treated in the

dilatometer. The specimens are prepared for SEM following the

metallographic preparation procedure described above and finally

etched with 2% Nital. 

Rectangular specimens with dimensions 10 × 10 × 1 mm 

3 are

machined from the dilatometry treated specimens and measured

at room temperature by Small-Angle Neutron Scattering. The aim

is to study the precipitation kinetics of the LCLV and HCHV steels

at the three isothermal temperatures mentioned above. The SANS

measurements are performed on the Larmor Instrument at the

ISIS Neutron and Muon Source (STFC Rutherford Appleton Labo-

ratory). A 5 × 5 mm 

2 neutron beam and a wavelength range of

0.42–1.33 nm are used. Wavelengths smaller than 0.42 nm are not

considered to avoid effects from multiple Bragg scattering. A 3473–
0 GMW electromagnet is used to generate a transversal magnetic

eld of 1.65 T, perpendicular to the neutron beam. This strong

agnetic field is necessary to magnetically saturate the specimens,

void any contribution to the scattering signal from magnetic do-

ains, and separate the nuclear and magnetic scattering contri-

ution from the SANS pattern. The SANS detector is a 600 × 600

m 

2 3 He tube array with an 8 × 8 mm 

2 pixel size at a distance of

.3 m from the sample. Each specimen is exposed to the neutron

eam for 35 min. The SANS data analysis is performed using the

antid software [43] . 

The type of precipitation (interphase/random) as well as the

recipitate shape and size are identified by TEM. The TEM analysis

s performed on the LCLV and HCHV samples that are isothermally

nnealed at the temperature of 650 °C. A JEOL JEM-2200FS Trans-

ission Electron Microscope with an accelerating voltage of 200 kV

nd a resolution of 1.3 Å is used. Thin foils are prepared by grind-

ng the specimens to 100 μm and disks of a diameter of 3 mm are

unched out from these thin foils. The extracted disks are electro-

olished in a twin-jet Struers Tenupol-3, electro-polishing setup at

9 V and a pump flow rate of 12 l/min at 20 °C. The electrolyte

olution consisted of 5% perchloric acid (HClO 4 ) and 95% acetic

cid (CH 3 COOH). The imaging is carried out in the scanning mode

STEM) of the instrument during the measurements. 

Atom Probe Tomography is used for the dilatometry heat-

reated samples of LCLV and HCHV steels annealed at 650 °C to

tudy the evolution of chemical composition, shape and morphol-

gy of precipitates during annealing. The specimens annealed for

 min, 45 min and 10 h at 650 °C for both compositions are anal-

sed by APT to capture the precipitates’ growth and coarsening ki-

etics. More than 5 tips are extracted from each specimen to opti-

ize the statistics of the APT cluster analysis. 

The specimens are prepared by the lift-out method using Fo-

ussed Ion Beam milling (FIB) [44] . A last sputtering with 5 kV

nd 44 pA is applied to reduce the effect that the Gallium beam

auses on the tips. After the FIB procedure, the tips are coated us-

ng an electron-beam induced Cobalt deposition [45] in order to

imit Carbon diffusion along the shank [46] . The APT specimens are

easured in a LEAP 40 0 0X-HR system from CAMECA Instruments.

aser-assisted excitation is used with a pulse energy of 35 - 50 pJ,

 pulse rate of 65–125 kHz, and a specimen base temperature of

20 K. 

The IVAS 3.8.0 software package from CAMECA Instruments is

sed for the APT data reconstruction and analysis. The entire anal-

sis is based on isotope distribution (Mass-to-Charge-State Ratio -

a) [47] . The vanadium peaks are detected in 17, 25 and 25.5 Da in

he Mass-to-Charge-State Ratio Spectrum, while carbon peaks are

etected at 6, 6.5, 12 and 13 Da. Frequency distribution analysis for

he elements proves that vanadium and carbon are clustered. 

. Results and discussion 

.1. Phase transformation kinetics 

.1.1. Phase transformation kinetics at 900 and 750 °C 
The PAGS is measured in the specimens directly quenched

rom the austenitization temperature to room temperature and

he average values are 63 ±3 μm for the LCLV and 62 ±2 μm for
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Fig. 3. SEM micrographs of the a) LCLV and b) HCHV samples isothermally annealed at 750 °C for 10 h. The existent ferritic (F) and martensitic (M) areas are indicated. 

Fig. 4. Austenite to ferrite and pearlite phase transformation kinetics of LCLV( � ) 
and HCHV( �) steels during isothermal annealing at 650 °C (from dilatometry). Ac- 

cording to SEM, the fraction of pearlite formed can be neglected. 
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he HCHV steel. Consequently, differences in the microstructural

volution of the two steels during annealing cannot be attributed

o PAGS effects. 

Analysis of the dilatometry data reveals no phase transforma-

ion in the LCLV and HCHV steels during annealing at 900 °C. This

emperature is above the theoretical A 3 equilibrium temperatures,

redicted by ThermoCalc [41] to be 830 °C and 834 °C in the LCLV

nd HCHV steels, respectively ( Fig. 2 ). At 750 °C, only a very small

raction of ferrite is formed in the LCLV steel after 10 h of anneal-

ng, while almost no transformation is taking place in the HCHV

teel. Fig. 3 a and b shows the SEM micrographs of the LCLV and

CHV specimens annealed at 750 °C for 10 h, respectively. As seen

n Fig. 3 a, a small fraction of allotriomorphic ferrite is formed in

he LCLV steel after 10 h, while the microstructure is almost fully

artensitic for the same conditions in HCHV steel in Fig. 3 b, con-

rming the dilatometry data interpretation. 

.1.2. Phase transformation kinetics at 650 °C 
At 650 °C, austenite transforms into ferrite in both steels accord-

ng to the dilatometry curves. Fig. 4 shows the fraction of trans-
ormed phase during annealing at 650 °C for LCLV and HCHV steels

s a function of annealing time. In both steels, more than 97% of

he initial austenite is transformed after 20 min isothermal hold-

ng at 650 °C, so the final microstructure of the samples annealed

or longer times mainly consists of ferrite. For shorter times, the

icrostructure consists of a mixture of ferrite and martensite. The

artensite forms from the untransformed austenite during the fi-

al quenching to room temperature. According to Fig. 4 , the on-

et of the austenite-to-ferrite phase transformation is delayed in

he HCHV steel compared to the LCLV steel. This can be attributed

o the higher carbon content of the HCHV steel, which stabilizes

he austenite and delays the onset of phase transformation. In ad-

ition, vanadium can retard ferrite nucleation due to segregation

f micro-alloying elements at the grain boundaries of austenite

48] . Based on theoretical TTT (time-temperature-transformation)

iagram calculations using the program MUCG83 [49] , the effect

f carbon on the delay of the onset of phase transformation is

tronger than the effect of vanadium in these steels. 

Representative SEM images showing the microstructural evolu-

ion during annealing at 650 °C for both steels are presented in

ig. 5 . Fig. 5 a, c and e is related to the LCLV steel specimens an-

ealed for 2 min, 10 min and 10 h, respectively, while the micro-

raphs in Fig. 5 b, d and f correspond to HCHV specimens annealed

or 1 min, 7 min and 10 h, respectively. The existent ferritic (F),

artensitic (M) and pearlitic (P) areas are indicated in each con-

ition. The SEM analysis shows the local formation of a small frac-

ion of pearlite in both steels. The cementite precipitation is ob-

erved after 2 min of annealing in the LCLV steel and after 1 min in

he HCHV steel, as shown in Fig. 5 a and b. 

.2. Precipitation kinetics 

.2.1. Analysis method of the small-angle neutron scattering data 

The Small-Angle Neutron Scattering intensity is a 2D pattern

hat reflects the macroscopic differential scattering cross-section,

d �/d �)( Q ). This is a function of the scattering vector, Q , and

s obtained from the SANS intensity after background correction

nd calibration of the neutron flux considering the detector

fficiency and sample transmission [50] . The (d �/d �)( Q ) may

ave two components because of the two different interactions

f neutrons with matter. Neutrons interact with the nuclei of the

toms via nuclear forces, leading to the nuclear cross-section,

d �/d �) NUC ( Q ), and with the magnetic moments of the unpaired

lectrons through the dipole-dipole interaction [35] , leading to

he magnetic cross-section, (d �/d �) MAG ( Q ). The selection rules

or the magnetic scattering are such that neutrons “see” only the
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Fig. 5. SEM micrographs of the LCLV and HCHV steels isothermally annealed at 650 °C for different times and subsequently quenched to room temperature. Microstructure 

of LCLV specimens annealed for a) 2 min, c) 10 min and e) 10 h and of HCHV specimens annealed for b) 1 min, d) 7 min and f) 10 h. The existent ferritic (F), martensitic (M) 

and pearlitic (P) areas in each condition are indicated. 
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magnetization components that are perpendicular to the scatter-

ing vector, Q. Thus, if an external magnetic field is high enough

to saturate the magnetization and is applied along a direction

contained in the detector plane, the macroscopic differential

scattering cross-section can be written as [35] : (
d�

d�

)
( Q ) = 

(
d�

d�

)
NUC 

( Q ) + 

(
d�

d�

)
MAG 

( Q ) · sin 

2 α, (1)

where α is the angle between the magnetic field direction and

Q . In this way it is possible to distinguish between the nuclear

and magnetic contribution to the scattering. For this purpose, we
onsider sectors of 30 °, parallel and perpendicular to the magnetic

eld, leading to (d �/d �) NUC and (d �/d �) NUC + (d �/d �) MAG , re-

pectively, and to (d �/d �) MAG as the difference between these re-

ults. We then obtain quantitative information on the precipitation

inetics in the steel matrix by a detailed analysis of the nuclear

ifferential scattering cross-section, which for a dilute system of

recipitates within a homogeneous matrix is given by [50] : 

d�

d�

)
( Q ) = ( �ρNUC ) 

2 

∫ 
D N ( R ) · V 

2 ( R ) · P 2 ( Q, R ) dR, (2)

NUC 
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ith R and V the precipitate radius and volume (for spherical

recipitates it is V = 4/3 πR 3 ) respectively. The log-normal number

istribution, D N ( R ), is assumed to be given by: 

 N ( R ) = 

N p 

Rσ
√ 

2 π
exp 

{
− [ ln ( R ) − ln ( R m 

) ] 
2 

2 σ 2 

}
(3) 

here N p is the precipitate number density, R m 

is the mean

recipitate radius and σ is the standard deviation of the size

istribution. The precipitate volume distribution is the product

 V ( R ) = D N ( R ) 
. V . 

P ( Q,R ) is the form factor describing the precipitate shape, which

or spherical precipitates is P ( Q,R ) = 3[ sin ( QR ) −( QR ) cos ( QR )]/( QR ) 3

50 , 51] . 

Finally, �ρNUC is the difference in nuclear scattering length

ensity between the matrix and the precipitates (nuclear contrast)

nd is given by �ρNUC = ρFe - ρVC ≈ N o 
Fe b c 

Fe - N o 
VC b c 

VC . The

erm N o is the number density calculated for Fe and VC con-

idering their bulk density, ρm 

, and their molecular weight, M ,

sing N o = N A ρm 

/ M , yielding the number density of Fe atoms

 o 
Fe = 84.9 nm 

−3 and of VC, with the stoichiometric ratio of

/ C = 1, N o 
VC = 55.1 nm 

−3 . N A is Avogadro’s number and b c is the

oherent scattering length. The scattering length of the matrix and

he precipitates is b c 
Fe = 9.45 × 10 −15 m and b c 

VC = 6.26 × 10 −15 m,

espectively, resulting in ρFe = 8.02 × 10 −4 nm 

−2 for iron and

VC = 3.46 × 10 −4 nm 

−2 for the vanadium carbides, and eventually

n �ρNUC 
2 = 20.8 × 10 −8 nm 

−4 . 

The precipitate volume fraction, f V , is calculated by integrating

he area under the [ Q,Q 

2 (d �/d �) NUC ] curve, which is commonly

nown as Kratky Plot. For a dual-phase system, the area Q o,NUC be-

ow the Kratky Plot is [35] : 

 o , NUC = 

∫ ∞ 

0 

(
d�

d�

)
NUC 

Q 

2 d Q = 2 π2 ( �ρNUC ) 
2 f V ( 1 − f V ) (4) 

When the precipitate volume fraction is low, the above equa-

ion is simplified to: 

f V ∼= 

Q o , NUC 

2 π2 ( �ρNUC ) 
2 

(5) 

The precipitation kinetics of both steels during annealing at

00, 750 and 650 °C is discussed below based on the resulting

ANS measurements. 

.2.2. Precipitation kinetics at 900 and 750 °C 
The SANS intensity of the LCLV and HCHV steels that have un-

ergone an isothermal annealing treatment at 900 and 750 °C for

0 h is compared to the corresponding intensity of the specimen

f each steel that is directly quenched from the soaking temper-

ture to room temperature and does not contain any precipitates.

o significant differences are observed, leading to the conclusion

hat precipitates are not detected in any in these conditions. The

ANS intensity curves of the samples annealed at 900 and 750 °C
re not presented in the main text but can be found in the supple-

entary material of this manuscript. 

The absence of precipitates at 900 and 750 °C in both steels is

losely related to the (near) non-occurrence of the austenite to fer-

ite phase transformation as discussed during the interpretation of

he dilatometry and SEM data in section A.1. Since the austenite-

o-ferrite phase transformation does not take place at 900 °C in any

f the steels nor at 750 °C in the HCHV steel, and due to the high

olubility of the vanadium carbide precipitates in austenite, pre-

ipitates are not formed in these conditions, which is in agreement

ith ref. [15] . Precipitates are also not detected in the LCLV steel at

50 °C after 10 h of isothermal holding despite the transformation

f a small fraction of austenite into ferrite in this steel. Nucleation

f precipitates might have started in this condition, however, the
recipitates size and volume fraction are expected to be extremely

mall, i.e. below 1 nm and 0.1%, respectively, and, therefore, not de-

ectable by the SANS technique. 

Moreover, it is worth mentioning here that ThermoCalc

41] equilibrium calculations are not in agreement with our stud-

es, since ThermoCalc predicts precipitation and phase transfor-

ation at 750 °C in both steels and precipitation at 900 °C for

he HCHV alloy ( Fig. 2 ). The difference between our experimental

esults and ThermoCalc could be attributed either to the Gibbs-

homson effect, which could be significant for small nano-sized

recipitates, or to the fact that the system has not reached equi-

ibrium after 10 h of annealing. 

The equilibrium concentration of vanadium in the matrix taking

nto account the Gibbs-Thomson effect is given by [52] 

 eq,r = X eq, ∞ 

exp 

(
2 γ υVC 

at 

X p rkT 

)
(6) 

In the equation above, X eq, ∞ 

is the solubility limit of vanadium

n ferrite according to ThermoCalc, γ the interface energy between

he precipitates and the ferritic matrix, υat 
VC the average atomic

olume of the vanadium carbides, X p the equilibrium mole fraction

f vanadium in the VC-precipitates calculated by ThermoCalc, r the

recipitate radius, k B the Boltzmann constant and T the tempera-

ure. For precipitates with an average radius in the range 1.1–2 nm

nd for typical precipitate-ferritic matrix interface energy values in

he range 0.2–0.8 J/m 

2 [53] , the resulted X eq,r at 750 and at 900 °C
s very close to the X eq, ∞ 

and always smaller than the total amount

f vanadium in both steels. This means that the increase in the sol-

bility limit of vanadium in the matrix due to the increase in Gibbs

ree energy of the precipitates (attributed to the Gibbs Thomson

ffect) is very small and not sufficient to prevent precipitation in

he steels. Based on the above calculations, we conclude that the

ibbs Thomson effect cannot – on its own - explain the difference

etween the experimental results and equilibrium ThermoCalc cal-

ulations, and other kinetics factors may also play a role. 

The most possible explanation is that the system is far from

quilibrium after 10 h at 750 and 900 °C for both alloys. Accord-

ng to ThermoCalc, the maximum ferrite fraction that can form at

50 °C is 86% and 87% for the LCLV and the HCHV, respectively. As

 result, a maximum precipitate volume fraction that could form

ould be 0.42 and 0.95% in the LCLV and the HCHV steels, respec-

ively. At 900 °C, ferrite formation is not predicted by ThermoCalc

n either of the steels, however, precipitation of a maximum of

.3% would be possible in the HCHV steel. The equilibrium condi-

ions predicted by ThermoCalc could be reached by applying longer

nnealing times at 750 and 900 °C. 

.2.3. Precipitation kinetics at 650 °C 
The SANS nuclear differential scattering cross sections of the

CLV and HCHV steels annealed at 650 °C are shown in Fig. 6 a and

, respectively. The corresponding magnetic components are pre-

ented in Fig. 6 c and d. For the sake of simplicity we only show

he scattering curves obtained at the most informative annealing

imes (30 s, 2 min, 5 min, 20 min, 45 min, 2 h and for 10 h at 650 °C).

he nuclear and magnetic scattering cross sections of the direct-

uenched specimens are also provided. 

SANS is used to study the precipitation kinetics in the LCLV and

CHV steels, in which it should be kept in mind that the disloca-

ions from the martensite phase also contribute to the SANS pat-

ern. The analysis of the precipitation kinetics that is explained be-

ow refers to both LCLV and HCHV steels as their nuclear scattering

ross sections follow the same trend during annealing. 

For the specimens of both steels annealed for less than 2 min

t 650 °C, the SANS intensity follows a Q 

− 4 power law (Porod’s

aw), indicating that scattering originates from large-scale objects

ike grain boundaries and interfaces [37 , 50 , 54] . In the absence of
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Fig. 6. Nuclear differential scattering cross section of a) LCLV and b) HCHV steel as a function of Q measured at room temperature after annealing at 650 °C for up to 

10 h. The corresponding magnetic differential scattering cross sections are plotted in c) and d) for LCLV and HCHV steel, respectively. The scattering curves of the samples 

heat-treated at the most representative conditions are shown. 
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deviations from the Q 

− 4 power law, we conclude that neither pre-

cipitation nor phase transformation have started. 

Between 2 and 20 min of annealing, a decrease in the nu-

clear intensity is observed in the low- Q area ( Q < 0.2 nm 

−1 ).

The (d �/d �) NUC at low- Q values originates from large objects

like grain boundaries, dislocations and large precipitates [37 , 50 , 54] .

Therefore, the decrease in the (d �/d �) NUC in the low- Q area of the

2 - 20 min curves is attributed to the phase transformation through

the decrease of the fraction of martensite (which forms directly

after the quench from 650 °C to room temperature and contains

high dislocation and grain boundary densities) in agreement to the

phase transformation kinetics curve in Fig. 2 . For higher Q values,

in the 2–20 min curves, an increase in (d �/d �) NUC is observed,

originating from the scattering of small precipitates. For anneal-

ing times longer than 20 min, when the phase transformation is

almost complete, additional scattering is observed over the whole

Q range. In the low- Q range, the major contribution to the signal

comes from cementite as well as from the large VC precipitates.

The small increase in (d �/d �) NUC in the high- Q area is caused by

smaller precipitates. 
The magnetic scattering cross sections of the LCLV and HCHV

teels, depicted in Fig. 6 c and d, do not show the same Q depen-

ence and time evolution as the corresponding nuclear scattering

ross sections, indicating different nuclear and magnetic structures

n our steels. A decrease in (d �/d �) MAG curves is observed over

he entire Q range in both steels up to 2 h of annealing while

n increase is observed for longer annealing times. The marten-

itic phase having a high dislocation density, large number of Low-

ngle Grain Boundaries (LAGB) and iron carbides may pin the walls

etween the magnetic domains and hinder their alignment along

he magnetic field. The precipitation of cementite and the forma-

ion of pearlite also affect the magnetic SANS intensity, but this

eature is not further analysed in this paper. 

Quantitative information on the precipitation kinetics is ob-

ained from Kratky plots, Q 

2 (d �/d �) NUC plotted as a function of

 . Fig. 7 a and b shows such plots for different annealing times at

50 °C of LCLV and HCHV for some representative conditions. For

n accurate analysis of the VC precipitation kinetics by SANS, only

he scattering from the precipitates is considered whereas all other

ontributions are subtracted. 
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Fig. 7. Time evolution of Q 2 (d �/ d �) NUC vs Q for the a) LCLV and the b) HCHV steel 

during holding at 650 °C for up to 10 h (data points), after background subtraction. 

The thinner dotted lines represent the theoretical Q 2 (d �/ d �) NUC curves originating 

from the fitting. 
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Fig. 8. Precipitate a) mean radius, R m , b) number density, N p , c) volume fraction, f V , 

and, d) amount of vanadium in solid solution, f vanadium,ss , evolution during annealing 

at 650 °C for the LCLV( � ) and HCHV( �) steels. During time period 1, phase transfor- 

mation takes place and precipitate nucleation and growth are dominant. In period 

2, phase transformation is almost complete ( > 97% of austenite transformed) and 

precipitate growth (with overlapping diffusion fields) and coarsening take place. 
During isothermal annealing, a progressive increase in the

 

2 (d �/d �) NUC intensity in both LCLV and HCHV steels is observed.

s the holding time increases, the peak position of the curves

radually moves towards the lower Q area, reflecting the increasing

recipitate size (growth or coarsening). 

The experimentally derived Kratky plots are fitted to the the-

retical Kratky-plot equation ( Eq. (2) multiplied by Q 

2 ) leading to

he fitting parameters R m 

, N p and σ for each curve. The fitting is

erformed for the specimens of LCLV and HCHV steels annealed for

imes longer than 5 min at 650 °C. For shorter annealing times, the

xperimental Q 

2 (d �/d �) NUC curves cannot be fitted as they have

 completely flat profile (precipitates are not detected before 2 min

s explained before). 

The evolution of the precipitate mean radius, R m 

, and number

ensity, N p , during annealing from 5 min to 10 h is shown in Fig. 8 a

nd b, respectively. The precipitates’ growth during annealing in

oth steels is reflected in the increase of the precipitate mean ra-

ius ( Fig. 8 a). A maximum precipitate radius of 1.5 and 1.8 nm is

eached after 10 h of annealing for LCLV and HCHV steels, respec-

ively. 

Like the mean precipitate radius, the precipitate number den-

ity follows the same trend for both steels. The gradual increase

n the precipitate number density ( Fig. 8 b) from the beginning of

nnealing and for the first 10 min at 650 °C suggests intense pre-
 The dashed lines indicate the equilibrium values calculated by ThermoCalc [41] . 
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Fig. 9. Vanadium carbide precipitation and austenite-to-ferrite phase transforma- 

tion kinetics (see Fig. 4 ) during isothermal annealing at 650 °C in the a) LCLV and 

b) HCHV steels. In both steels, precipitation takes place during and after the phase 

transformation. During time period 1, phase transformation takes place and pre- 

cipitate nucleation and growth are dominant. In 2, phase transformation is almost 

complete ( > 97% of austenite transformed) and precipitate growth and coarsening 

take place. 
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cipitate nucleation. Between 10 and 20 min of annealing, the pre-

cipitate number density remains constant while their radius is in-

creasing, indicating that precipitate growth is the dominant phe-

nomenon. We define as time period 1 the first 20 min of annealing

and period 2 from 20 min to the end of annealing. During period

2, the precipitate number density continuously decreases due to

precipitate coarsening. 

At the beginning of annealing the precipitates are small and

their size is comparable to the resolution of the SANS instrument,

leading to larger error bars in the precipitate mean radius ( Fig. 8 a)

and number density ( Fig. 8 b). Additionally, the background con-

tribution from dislocations decreases with time and fitting the

Kratky-plot curves results in lower error values for longer anneal-

ing times. 

As shown in the (d �/d �) NUC ( Q ) curves of Fig. 6 a and b, the

Q range of the nuclear differential scattering cross sections is re-

stricted to 0.04 ≤ Q ≤ 1.05 nm 

−1 , limiting the Q range of the Kratky-

plot curves ( Fig. 7 a and b) and, consequently, leading to an un-

derestimation of the precipitate volume fraction, f V , if only this

Q -range is used for the integration. For an accurate volume frac-

tion determination, first the area below the Q 

2 (d �/d �) NUC curves,

Q o,NUC , is calculated as the sum of Q o,1,NUC + Q o,2,NUC , and then

the precipitate volume fraction is derived from Eq. (5) . Q o,1,NUC 

is the area below the curve determined by the data in the Q

range 0.04 - 1.05 nm 

−1 . These data are calculated by multiply-

ing (d �/d �) NUC ( Q ) (corrected after background subtraction) with

Q 

2 , as described above. Q o,2,NUC is the area below each dotted

Kratky plot for Q values between 1.05 and 2 nm 

−1 ( Fig. 7 a and

b). The dotted curve is the theoretical calculated Kratky plot curve

in the Q range 1.05 - 2 nm 

−1 . It is calculated for each annealed

specimen using the R m 

, N p and σ values obtained from the fit-

ting of the experimental Kratky plot in the Q range 0.04 - 1.05

nm 

−1 . Deviations between experiments and theory in the low Q

range are most probably related to difficulties in the background

subtraction. 

The time evolution of the precipitate volume fraction during an-

nealing at 650 °C is illustrated in Fig. 8 c for both LCLV and HCHV

steels. Before 2 min, no precipitates are detected and the measured

precipitate volume fraction curve is practically zero. After 2 min,

the volume fraction increases continuously, reaching a maximum

0.37 ± 0.09% for the LCLV steel and 0.93 ± 0.16% for the HCHV steel

after 10 h of annealing. Precipitation takes place during and after

the phase transformation and precipitates are measured in both

steels when a certain volume fraction of ferrite is formed after

5 min. This is illustrated in Fig. 9 a and b, in which the precipi-

tation and phase transformation kinetics are plotted for the LCLV

and HCHV steels, respectively. The enhanced precipitation during

phase transformation is a result of solubility drop of the vanadium

when austenite transforms to ferrite, giving rise to a high driving

force for precipitation. The precipitates formed during the trans-

formation are aligned in rows (interphase precipitation, see TEM

image, Fig. 11 , and APT maps, Fig. 12 a and d), while those nucleat-

ing after the completion of the phase transformation are randomly

dispersed and have a smaller diameter. The small increase in the

nuclear scattering intensity in the high- Q area after 20 min of an-

nealing at 650 °C, as shown in Fig. 6 a and b, originates from these

small precipitates. 

The continuous increase in volume fraction after 20 min

( Fig. 8 c), combined to the increase in precipitate size ( Fig. 8 a)

and the decrease in precipitate number density ( Fig. 8 b), indicates

combined precipitate growth and coarsening. Fig. 8 d shows the

evolution of the amount of vanadium in solid solution, f vanadium,ss ,

in both alloys. It decreases rapidly during precipitate nucleation

and growth (during time period 1) and continues decreasing till

the end of the annealing treatment due to the combined growth

and coarsening (period 2). 
The measured volume fraction, average precipitate size and

umber density of the precipitates are compared to the SANS re-

ults of previous studies of a steel with a similar that is annealed

t 700 °C (instead of 650 °C) [20] . We observe similarities and im-

ortant differences between annealing at 700 and 650 °C. We ob-

erve an increase in precipitate volume fraction in the LCLV steel

rom 0.13 to 0.37% from 5 min to 10 h of annealing at 650 °C, which

s similar to the findings reported in Ref. [20] , which reports an in-

rease from 0.09 to 0.28% during annealing in the same time range

t 700 °C in a steel with similar vanadium content. However, we

easure small ( < 2 nm) spherical / slightly ellipsoidal precipitates

ith number density of ∼10 23 m 

−3 , while in ref. [20] , ∼10 times

arger disk-shape and oblate precipitates are detected with num-

er density ∼10 21 m 

−3 , suggesting that small changes, like a 50 °C
hange in the annealing temperature, lead to very different pre-

ipitation kinetics. The precipitate number density values deduced
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Fig. 10. Log-normal volume distribution, D V , of the VC precipitates in the a) LCLV 

and b) HCHV steels during annealing at 650 °C for up to 10 h. The curves are 

based on the R m , N p and σ values resulted from the fitting of the experimental 

Q 2 (d �/ d �) NUC results. 

Fig. 11. Bright field TEM image illustrating interphase precipitation in the HCHV 

steel. It belongs to the specimen annealed for 20 min at 650 °C. 
rom our SANS data are comparable to previous studies on vana-

ium carbides at the same temperatures for medium [18 , 24] and

ow-Carbon steels [19] . 

Thermodynamic calculations performed with the ThermoCalc

oftware [41] give an equilibrium volume fraction for VC of 0.56%

n the LCLV steel and 1.09% in the HCHV steel at 650 °C ( Fig. 2 ),

hich is slightly higher than the values deduced by SANS. From

hese results, it is concluded that after 10 h of isothermal holding

ost of the vanadium is in the precipitates, but the volume frac-

ion has not reached its maximum value. 

The precipitation kinetics are found to have the same behavior

n the LCLV and HCHV steels during annealing from 5 min to 10 h

t 650 °C due to the same phase transformation kinetics in this

ime range. Due to the delay in the onset of austenite-to-ferrite

hase transformation in HCHV steel compared to LCLV steel at

50 °C ( Fig. 2 ), and considering the fact that precipitation of vana-

ium carbides is more favoured after the beginning of the phase

ransformation, a delay in precipitation kinetics in the HCHV steel

s expected in order to follow the trend of the phase transforma-

ion curve. According to the phase transformation kinetics curves

f Fig. 2 , the delay should be observed during the first 5 min of

nnealing. However, because of the limitations of the SANS tech-

ique, precipitates are only detected after 5 min of annealing in

oth steels. Therefore possible differences in the start of the pre-

ipitation kinetics between both steels in the first 5 min of anneal-

ng cannot be observed. 

Moreover, according to the dilatometry results in Fig. 2 , after

 min, the phase transformation kinetics for the LCLV and HCHV

teels show similar behaviour. This is reflected in the precipitation

inetics which follows the same trend in both steels after 5 min as

hown in Fig. 8 a, b and c. 

As a last step in the precipitation kinetics analysis, Fig. 10 a and

 shows the time evolution of the log-normal precipitate volume

istribution of the VC precipitates in the LCLV and HCHV steels,

espectively. The average precipitate size determines the peak po-

ition of the volume distribution curve while the area below each

urve is the precipitate volume fraction at that time of annealing.

or both steels, the peak area of the distribution increases with

ime until 20 min of annealing, without any shift in the peak po-

ition, indicating pronounced nucleation of small sized nuclei. Af-

er 20 min, the volume distribution curves broaden with increasing

olding time, coupled with a decrease in peak height and a shift

n the peak position to larger R values. We thus conclude that the

rowth and coarsening effect is dominant in this time range and is

ecoming stronger with holding time. 

.2.4. Precipitation characterization by tem and apt at 650 °C 
Fig. 11 shows a representative bright-field TEM image of the

CHV specimen annealed at 650 °C for 20 min and subsequently

uenched to room temperature. The precipitates are represented

n black while the ferritic matrix is represented in grey. The pre-

ipitates are arranged in rows, showing that interphase precipita-

ion takes place during the austenite-to-ferrite phase transforma-

ion during the first 20 min of annealing. The average distance be-

ween the rows (inter-sheet spacing) in this condition is approx-

mately 12 nm. The precipitates’ average radius is measured to be

round 1.1 nm, in agreement with the value 1.3 ± 0.6 nm derived

rom the SANS measurements. In addition, spherical (or slightly el-

ipsoidal) precipitates are observed, which a posteriori justifies our

ANS data analysis based on the modeling of spherical precipitates.

he fact that the precipitates’ shape is spherical is in agreement

o previous studies [18 , 19 , 24] , in which spherical/ellipsoidal [18 , 19]

nd spherical/disk-shaped [24] vanadium carbide precipitates were

ormed during isothermal annealing at the same temperature. 

Representative 3D vanadium atom maps obtained by APT from

amples of the LCLV and HCHV steels heat treated at 650 °C for
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Fig. 12. 3D APT atom maps of V of a)-c) LCLV steel and d)-f) HCHV steel speci- 

mens previously treated in different conditions. The maps are superimposed with 

isoconcentration surfaces of 2at%V. The arrangement of the precipitates and their 

evolution during annealing is shown. 
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holding times of 5 min, 45 min, and 10 h are shown in Fig. 12 a–c

and d–f, respectively. The V-rich regions can be clearly seen in all

maps, which are superimposed with 2 at.%V isoconcentration sur-

faces. This threshold of vanadium concentration is set to a value

much larger than the steel nominal composition in order to avoid

local vanadium concentration fluctuations. The 3D maps can be ro-

tated in any orientation, providing information regarding the pre-

cipitates’ shape and arrangement. In all these maps and for both

steels, spherical and ellipsoidal precipitates are observed. Small

precipitates with a high number density can be seen in Fig. 12 a

and d after 5 min of annealing at 650 °C of a LCLV and a HCHV

specimen, respectively. Their size increases with annealing time as

a result of growth and/or coarsening as shown in Fig. 12 b, c, e and

f, while their number continuously decreases. Moreover, precipi-

tates aligned in parallel rows are observed in both steels ( Fig. 12 a

and d), denoting interphase precipitation. Randomly distributed

precipitates in the ferritic matrix are also present, as shown for

instance in Fig. 12 c. 

From the vanadium maps, we deduced the inter-sheet spacing

of interphase precipitation, determined by the velocity of the mi-

grating α/ γ interface during the austenite-to-ferrite phase transfor-

mation. The inter-sheet spacing is measured in the 5 min annealing

condition in both steels, where coarsening has not started yet and

the precipitates arrangement is relatively clear. It is found to be in

the range of 12 - 17 nm in both steels, in agreement with our TEM

measurements. 

A quantitative characterization of vanadium carbide precipi-

tates is obtained through a detailed cluster analysis. The cluster

analysis is performed following the maximum separation method

[55] based on solute vanadium atoms. Carbon enrichment is ob-

served in the V-rich regions, indicating the presence of vanadium

carbide precipitates. The maximum distance between two solute

atoms that belong to the same cluster, d max , and the minimum

number of atoms in a cluster, N min , are chosen as 1 nm and 20,

respectively, after a trial and error procedure. The same d max and

N parameters are selected for all the measured specimens of
min 
CLV and HCHV alloys. Clusters containing fewer atoms than N min 

re not considered in the analysis to avoid the contribution of pos-

ible local fluctuations of vanadium concentration within the ma-

rix. The d max is determined based on the nearest neighbour dis-

ance (NN) distribution of 3 nearest neighbours. 

The cluster analysis provides information regarding the precipi-

ate size distribution, number density and volume fraction in the

nalysed tips. The precipitate number density is the number of

recipitates divided by the analysed volume (volume of the tip),

nd the precipitate volume fraction is the total precipitate volume

ivided by the analysed volume. The precipitate volume is calcu-

ated from the number of vanadium atoms in each precipitate tak-

ng into account the unit cell volume of the VC and the number

f vanadium atoms per unit cell. Four vanadium atoms are in one

C unit cell and its lattice parameter is 0.415 nm [31] . The radius

f each precipitate is then calculated by assuming spherical pre-

ipitates. The detection efficiency of the instrument is 36% and it

s considered in the above calculations to obtain the real number

f the detected atoms. 

Table 2 summarizes the precipitate radius, number density and

olume fraction derived from APT measurements. The results ob-

ained from the specimens of both steels, heat treated for the three

nnealing conditions, are compared to the corresponding values

btained from the SANS data analysis. The number of tips mea-

ured per condition by APT is given and R m 

, N p and f V presented

re the calculated average values of all the analysed tips per con-

ition. Precipitates are detected in all the analysed tips of both al-

oys, except for 3 tips of the LCLV specimen annealed for 5 min.

his is attributed to the low precipitate volume fraction (0.13%)

n the LCLV steel after 5 min of annealing at 650 °C, and suggests

on- homogeneous precipitate distribution over the entire speci-

en volume. 

The precipitate mean radius, number density and volume frac-

ion values obtained from the APT cluster analysis are in good

greement with the corresponding values derived from the SANS

nalysis as shown in Fig. 8 a, b and c. The precipitate mean radius

nd volume fraction are continuously increasing in both steels dur-

ng annealing at 650 °C, while the precipitate number density is

ecreasing from 45 min to 10 h due to precipitate coarsening. 

The fraction of vanadium atoms in solid solution in ferrite dur-

ng annealing can be also obtained from the APT cluster analysis.

he fraction of vanadium in solid solution, f vanadium,ss , is calculated

or each tip as: 

f vanadium , ss = 

(
N V , total − N V , precip 

)
/ N V , total 

= N V , α−Fe / ( N V , α−Fe + N V , precip ) (7)

In Eq. (7) , N V,total is the total number of vanadium atoms de-

ected, N V,precip is the number of vanadium atoms in precipitates

nd N V, α-Fe is the calculated number of vanadium atoms in ferrite

 N V,total - N V,precip ). The fraction of vanadium in solid solution is av-

raged over the tips of the same specimen and is presented in the

ast column of Table 2 . The 3D-APT measurements reveal that the

otal fraction of solute vanadium atoms in ferrite decreases during

sothermal annealing in both steels due to continuous precipita-

ion. However, it is not completely eliminated even after 10 h of

nnealing in any of the steels, indicating that the maximum vol-

me fraction of precipitates is not reached. This is in agreement

ith the SANS results (see Fig. 8 d) and the ThermoCalc [41] pre-

ictions for the equilibrium precipitate volume fraction stated ear-

ier. 

Note that APT allows for a local precipitation analysis over

n average tip volume in the order of ∼10 6 nm 

3 while SANS

easurements are performed in large samples with dimensions

0 × 10 × 1 mm 

3 ( = 10 20 nm 

3 ), leading to better statistics. Addi-

ionally, the detection efficiency of the APT instrument affects the

ean distance between the atoms in the reconstructed data and
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Table 2 

Precipitate mean Radius, R m (nm), number density, N p (10 23 m 

−3 ) and volume fraction, f V (%), comparison between SANS and APT. The tip volume analysed by APT and the 

vanadium in solid solution measured in each condition are presented as well. 

Steel Holding 

time 

R m (nm) N p (10 23 m 

−3 ) f V (%) no. of tips and total tips 

volume analysed by APT 

f vanadium,ss 

(%) by APT 
SANS APT SANS APT SANS APT 

LCLV 5min 1.05 ± 0.22 1.09 ± 0.03 1.90 ± 1.95 1.85 ± 0.83 0.13 ± 0.07 0.14 ± 0.07 6 tips (3.8E6 nm 

3 ) 79 ± 9.43 

45min 1.30 ± 0.05 1.36 ± 0.07 2.10 ± 0.38 1.57 ± 0.39 0.31 ± 0.04 0.31 ± 0.04 7 tips (5.9E6 nm 

3 ) 41 ± 4.85 

10h 1.53 ± 0.02 2.07 ± 0.15 1.20 ± 0.08 0.59 ± 0.08 0.37 ± 0.09 0.36 ± 0.05 8 tips (5.5E6 nm 

3 ) 25 ± 1.88 

HCHV 5min 1.14 ± 0.14 1.62 ± 0.17 5.60 ± 3.44 3.60 ± 0.89 0.44 ± 0.10 0.74 ± 0.05 7 tips (4.0E6 nm 

3 ) 28 ± 4.08 

45min 1.47 ± 0.04 1.79 ± 0.14 3.88 ± 0.53 2.85 ± 0.75 0.73 ± 0.06 0.92 ± 0.04 10 tips (6.6E6 nm 

3 ) 20 ± 2.11 

10h 1.85 ± 0.03 2.11 ± 0.08 1.86 ± 0.11 1.37 ± 0.13 0.93 ± 0.16 0.90 ± 0.04 12 tips (5.4E6 nm 

3 ) 12 ± 0.72 

Fig. 13. Precipitate size distribution based on APT cluster analysis in a) LCLV and b) HCHV steels. The cluster analysis is performed in all the tips presented in Table 2 . 
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onsequently the results of the cluster analysis. Based on these

onsiderations, it is reasonable to expect small deviations between

he results obtained by the two techniques. Nevertheless, the good

greement between the results obtained from these two very dif-

erent techniques supports the validity of our analysis. 

The precipitate size distribution derived from the APT cluster

nalysis for the LCLV and HCHV specimens annealed for 5 min,

5 min and 10 h is plotted in Fig. 13 . The total number of precip-

tates measured in all tips for each thermal condition is also pre-

ented. A larger number of precipitates is measured in the HCHV

pecimens compared to the corresponding LCLV specimens that

ave undergone the same heat treatment due to the higher vana-

ium and carbon concentration. The time evolution of the distri-

ution is found to have the same behaviour as the one measured

y SANS ( Fig. 10 a and b). Smaller precipitates are present in the

rst 5 min of annealing. As the isothermal annealing proceeds, the

eak of the distribution is moving towards higher radii and the dis-

ribution broadens, indicating growth and coarsening as the domi-

ant phenomena in these steps. Isothermal holding at 650 °C from

5 min to 10 h leads to a decrease of the total number of precipi-

ates in both steels while coarse particles are formed. Only a few

recipitates with a radius of more than 3 nm are found in both

teels and the precipitate radius does not exceed 5.5 nm. 

The precipitates’ chemical composition profile is derived from

he Proximity Diagrams (Proxigrams) [56] , which are calculated

ased on isoconcentration surfaces (isosurfaces) of 2 at% vanadium.

he evolution of the precipitates’ chemical composition during an-

ealing is presented in 1D composition profile in Fig. 14 a and c for

he LCLV steel and in Fig. 14 b and d for the HCHV steel. A compar-

son is shown between the precipitate chemical composition after

 min and 10 h of annealing in both steels. The concentration pro-

les are calculated in one representative precipitate for each condi-

ion. The precipitate composition evolution during annealing shows

he same behaviour for both steels and is dependent on the precip-

tate size. It is observed that the matrix/precipitate interface is not

harp (on a nm-length scale) and that there is a gradual increase

f vanadium and carbon along with a decrease of Fe concentration
rom the surface to the precipitate core for all the annealing con-

itions. The smaller precipitates formed after 5 min at 650 °C are

e-rich despite a decrease in Fe content from their surface to their

ore. A drop in the fraction of Fe in the core is observed in the

arger precipitates observed after 10 h and the core consists only

f vanadium and carbon atoms in a stoichiometric ratio. Our re-

ults suggest no manganese enrichment in either the interphase or

he randomly distributed precipitates, which is in agreement with

ef. [13 , 19 , 26 , 27] , but in contrast to Ref. [25] , in which manganese

nrichment was observed only in the interphase precipitates and

ot in the randomly distributed ones. 

.2.5. Precipitate growth / coarsening at 650 °C 
The average growth of the precipitate after the austenite/ferrite

ransformation front has passed can be described by the model de-

eloped by Öhlund et al. [21] , in which the growth is controlled

y volume diffusion of atoms, i.e. in our case of vanadium atoms.

uring precipitate growth, the diffusion field is assumed to have a

inear concentration profile with length, L, which can be calculated

y [21] : 

 = 

{
1 

3 

(
44 + 54 B + 6 

√ 

54 + 132 B + 81 B 

2 

)1 / 3 

− 2 

3 

(
44 + 54 B + 6 

√ 

54 + 132 B + 81 B 

2 
)1 / 3 

− 4 

3 

} 

R, (8) 

here R is the precipitate radius and B = ( c 0 
m - c equil 

VC )/( c equil 
m -

 0 
m ). c 0 

m is the concentration of vanadium in the matrix obtained

rom the nominal steel composition. c equil 
m and c equil 

VC are the

quilibrium concentrations of vanadium atoms in the matrix and

n the vanadium carbide precipitates, respectively, and both quanti-

ies can be derived from ThermoCalc [41] . For the LCLV steel these

re c equil 
m = 0.011 wt.% and c equil 

VC = 68 wt.%, while for the HCHV

teel c equil 
m = 0.014 wt.% and c equil 

VC = 70 wt.%. According to Ther-

oCalc [41] , the c equil 
VC is slightly different between the 2 alloys

nd also deviates from the theoretical calculated value for pure
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Fig. 14. Proxigrams showing the precipitate chemical composition evolution during isothermal holding at 650 °C. Specimen of a) LCLV steel annealed for 5 min, b) HCHV 

steel annealed for 5 min, c) LCLV steel annealed for 10 h and d) HCHV steel annealed for 10 h. They are based on isoconcentration surfaces of 2at%V and belong to one 

representative precipitate of this condition. 

Table 3 

Overlap of the diffusion fields of the VC precipitates. 

Steel Holding 

time 

R m (nm) by 

SANS 

L (nm) d = N p 
−1/3 

(nm) 

Overlap of 

diffusion fields 

2 R m + 2 L > d 

LCLV 20min 1.20 10.3 14.6 Yes 

45min 1.24 10.6 15.7 Yes 

2h 1.35 11.6 16.8 Yes 

10h 1.53 13.2 20.3 Yes 

HCHV 20min 1.29 8.5 11.9 Yes 

45min 1.48 9.8 13.9 Yes 

2h 1.58 10.4 14.4 Yes 

10h 1.80 11.9 16.8 Yes 
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VC of 1:1 stoichiometric ratio, i.e. c theoretical, equil 
VC = atomic mass

of vanadium / (atomic mass of vanadium + atomic mass of car-

bon) = 50.9/62.9 = 81%. This indicates that possibly a small amount

of Fe is included in the precipitates. In particular, ThermoCalc

[41] predicts a precipitate equilibrium composition of 45mol%V,

47mol%C and 8mol%Fe in both steels. 

Coarsening is possible only when the diffusion fields of neigh-

boring precipitates overlap. The length of the linear concentration

profile, L , is calculated for both steels for the specimens annealed

for times longer than 20 min, using the experimental mean radius

values, R m 

, derived by SANS. The average distance between two

randomly distributed precipitates, d , is obtained by using the ex-

perimental number density values from SANS measurements and is

equal to N p 
−1/3 . For the case of the growth of spherical precipitates

of the same size, the diffusion fields overlap when 2 R + 2 L > d . This
riterion is fulfilled for both steels for all the samples annealed for

onger than 20 min at 650 °C and the results are summarized in

able 3 . Combining the fact that the diffusion fields overlap with

he experimental observations that the precipitate number den-

ity decreases ( Fig. 8 b), the volume fraction increases ( Fig. 8 c), and

he amount of vanadium in solid solution decreases ( Fig. 8 d) with

ime, proves that the observed increase in average precipitate ra-

ius ( Fig. 8 a) after 20 min of annealing is the result of both growth

ith soft impingement (overlapping diffusion fields) and coarsen-

ng. 

. Conclusions 

The vanadium carbide precipitation kinetics and the austenite-

o-ferrite phase transformation kinetics are studied in two vana-

ium micro-alloyed steels, which are isothermally heat treated at

ifferent tem peratures for various holding times, by combining

ilatometry, SANS, TEM and 3D-APT measurements. The conclu-

ions are summarized as follows: 

(1) Thermodynamic equilibrium calculations predict that vana-

dium carbide precipitates are present at 900, 750 and

650 °C. However, experiments show that neither precipita-

tion nor phase transformation takes place in both steels

when isothermally treated at 900 and 750 °C for holding

times up to 10 h (except for the formation of a small frac-

tion of ferrite at 750 °C in the LCLV steel). 

(2) Experiments at 650 °C show that precipitation of vana-

dium carbides does take place after the onset of the

austenite-to-ferrite phase transformation. This indicates that
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the austenite-to-ferrite phase transformation initiates the

vanadium carbide precipitation. Nucleation and growth are

dominant during the first 20 min, while later precipitate

growth with soft impingement (overlapping diffusion fields)

and coarsening take place. The steel with two times higher

vanadium and carbon concentrations (HCHV) exhibits about

two times higher volume fraction and number density of the

precipitates after 10 h of annealing. 

(3) After 10 h of annealing at 650 °C there is still some vanadium

in solid solution in both steels and the precipitate volume

fraction has not reached the maximum theoretical value cor-

responding to thermodynamic equilibrium. 

(4) Spherical (and slightly ellipsoidal) precipitates that are or-

dered in rows as a result of interphase precipitation as

well as randomly distributed precipitates are observed by

TEM and APT. The precipitate chemical composition evolu-

tion during annealing is strongly correlated to their size. The

smaller vanadium carbide precipitates detected for shorter

holding times are Fe-rich. The larger precipitates in the later

stages of annealing are Fe-rich near the matrix/precipitate

interface, but are composed of vanadium and carbon in a

stoichiometric ratio of 1:1 in the core of the precipitate, with

possibly a small amount of Fe, consistent with the Thermo-

Calc calculations. 

Overall, our findings provide quantitative information focused

n the kinetics of the vanadium carbides in low-Carbon steels, on

ts interaction with austenite-to-ferrite phase transformation and

n the evolution of the precipitate chemical composition during an-

ealing at 650 °C. The acquired quantitative results can be used as

nput parameters for modeling the precipitation kinetics in vana-

ium micro-alloyed steels, which may lead to improved steel de-

ign and performance for automotive applications. 
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