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• Precipitate evolution was quantitatively
characterized by three different state-
of-the-art techniques.

• Composition and lattice parameter
change of ternary precipitates as func-
tion of radius was obtained in the 1-15
nm range.

• Matrix dissolution allowed separate vol-
ume fraction determination of three
types of precipitates with different size
ranges.

• Precipitate volume fractions obtained
by matrix dissolution are slightly better
than those by small angle neutron
scattering.
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A cold-rolled Ti-V high strength low alloy (HSLA) steel was isothermally annealed at 650 °C and 700 °C for differ-
ent times. A unique combination of techniques including visible light microscopy (VLM), transmission electron
microscopy (TEM), matrix dissolution, small angle neutron scattering (SANS) and hardness measurement has
been employed to investigate the evolution of microstructure, hardness and precipitate composition, size and
volume fraction. Results show that recrystallization is completed after annealing 8 h at 650 °C and 30 min at
700 °C. Three types of precipitates were identified: large Ti(C,N), medium-size (Ti,V)(C,N) and small (Ti,V)C.
The Ti/(Ti+V) atomic ratio in the (Ti,V)C precipitates decreases with increasing radius in the 1–15 nm range,
which can be explained by the initial nucleation of a TiC-rich core. The average size of the (Ti,V)C precipitates in-
creases, whereas the number density decreases during annealing. The volume fractions of the three types of pre-
cipitates were separately determined by the matrix dissolution method. The volume fractions of (Ti,V)C
precipitates obtained by matrix dissolution are comparable even slightly more accurate than those obtained by
rug.nl (B.J. Kooi).
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SANS. The hardness first increases and then decreases when annealing at both temperatures, which can be cor-
related well with the observed microstructural and precipitate evolution.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

To reduce energy consumption and CO2 emission in the past few de-
cades, there has been an increasing demand for lightweight vehicles [1].
Cold-rolled and annealed high strength low alloy (HSLA) steels are
widely used in automotive industry to reduce vehicle weight. They are
economically favourable, show good weldability and coatability due to
their low carbon and low alloy contents and exhibit excellent formabil-
ity due to the predominant soft ferritemicrostructure (the rest is a small
amount of pearlite microstructure) [2,3]. However, the low carbon and
low alloy contents also result in insufficient strengthening by solid solu-
tion and secondary phase hardening. The main active strengthening
mechanisms in HSLA steels are due to grain refinement and precipita-
tion hardening, both of which are achieved by nanoscale precipitates
containing e.g. niobium (Nb), titanium (Ti), vanadium (V), molybde-
num (Mo) individually or in certain combinations [4–7]. These carbides
not only increase strength by precipitation hardening [4,5,8], but also
retard recrystallization, leading to smaller grain sizes [9,10].

Previous investigations carried out on cold-rolled steels mainly fo-
cused onmicrostructure evolution,mechanical property and recrystalli-
zation behavior during annealing [11–17], whereas precipitation
behavior received little attention. Since precipitates play a crucial role
in determining the final microstructure and mechanical properties, it
is necessary to quantitatively assess precipitate size, composition and
volume fraction evolution during annealing.

Cold-rolled and annealed HSLA steels micro-alloyed with the ele-
ments Ti and V have proven to be promising candidates for products
with enhanced performance and low costs, meeting the requirements
of CEN Grade HC460LA [3]. Ti is industrially favored not only because
of the precipitation hardening and grain refinement, but also due to its
relatively low cost. Perrard et al. [18] claimed that vanadium is an
ideal micro-alloying element in the cold-rolled and annealed steels
from the production point of view. A cold-rolled Ti-V ultra-low carbon
steel also exhibit higher yield strength, ductility and deep drawability
compared to the steel only containing Ti after annealing at 780 °C [6].
The precipitates formed during annealing in Ti-V steels were identified
as spherical (Ti,V)C precipitates with amean size of several nanometers
[6,15,19,20], having a NaCl–type crystal structure and Baker-Nutting
orientation relationship of (100)(Ti,V)C//(100)ferrite, [011](Ti,V)C//[001]fer-
ritewith the BCC ferritematrix [20]. They nucleate and growon both dis-
locations and grain boundaries [15]. However, detailed investigations
on precipitation behavior, for instance, composition evolution and pre-
cipitation kinetics, are lacking.

TEM-based techniques have been frequently used to characterize
nanoscale precipitates [3–5,19–30]. Precipitate morphology, size, spa-
tial distribution and volume fraction can be obtained with TEM images
and its chemical information can be measured by TEM- energy disper-
sive X-ray spectroscopy (EDS) or electron energy-loss spectroscopy
(EELS).

Thematrix dissolutionmethod has been employed to obtain precip-
itate composition and volume fraction. Samples were dissolved by
chemicals [8,31–33] or electrolytes [32,34,35], and filtered with filter
papers. Inductively coupled plasma - optical emission spectroscopy
(ICP-OES) [31,33], inductively coupled plasma - mass spectroscopy
(ICP-MS) [8,32] and inductively coupled plasma - atomic emission spec-
troscopy (ICP-AES) [34,35] have been employed to determine the ele-
ment concentrations in the matrix and thus the precipitate volume
fraction. It is obvious that the precipitate volume fraction is then
underestimated because all precipitates smaller than the filter size are
included (erroneously) as part of the matrix. Recently, Lu et al. [32]
has shown that centrifuging is a promising alternative for filtering. Pre-
cipitates down to 2 nm were successfully separated from the solution
after centrifuging and the precipitate volume fraction was derived
based on the ICP-MS results in a Nb-Ti micro-alloyed steel. However,
the accuracy of this method is unclear, because the centrifuging effi-
ciency is unknown and small precipitates can also dissolve during ma-
trix dissolution.

SANS is a non-destructive method to quantitatively measure size
distribution, number density and volume fraction of precipitates rang-
ing from 1 nm to 100 nm [36]. It has been employed to quantify VC
[26,27], (Ti, Mo)C [28] interphase precipitates in micro-alloyed steels,
NbC precipitates [29] in a α-Fe-Nb-C steel, NbN platelets [30] in a Fe-
Nb-N steel, and MnS precipitates [37] in a low carbon steel.

Taking the current status of the field as described above as the
starting point, the aim of the present work is twofold: (1) To provide
an in-depth understanding of precipitation behavior andmicrostructure
and mechanical property evolution in cold-rolled Ti-V HSLA steels. To
do so, the investigated samples were isothermally annealed at 650 °C
and 700 °C for different times (Fig. 1a). (2) To test and compare accurate
quantification methods of precipitate composition, size and volume
fraction. To do so, precipitate compositions have been obtained by
TEM-EDS and ICP-OES, precipitate size (distribution) has been obtained
by TEM and SANS measurements and finally the precipitate volume
fraction has been obtained by SANS and matrix dissolution (Fig. 1b).
In the case of matrix dissolution we combined for the first time filtering
with centrifuging, increasing the accuracy of this method and obtaining
separate volume fraction of precipitates with different size ranges.

2. Experimental

The cold-rolled Ti-V HSLA steel investigated in this work was pro-
vided by Tata Steel, IJmuiden. The exact chemical composition of the
steel is known, but here only composition ranges for the most relevant
elements (wt%) are shown (Table 1). The steel was hot rolled, coiled
below 600 °C, followed by cold rolling to the final thickness of
1.5 mm. Cold-rolled samples with dimensions of 10 × 10 × 1.5 mm3

were isothermally annealed at 650 °C for 2 min, 6 min, 15 min,
30 min, 1 h, 2 h, 8 h and at 700 °C for 1 min, 3 min, 8 min, 15 min,
30 min, 1 h and 4 h (Fig. 1a) with a Bähr 805 A/D dilatometer under a
vacuum of 10−4 mbar, followed by argon gas cooling to room tempera-
ture. An S-type thermocouple was spot-welded to the center of all sam-
ples to measure and control the temperature. In the following, the cold-
rolled sample is written as “the CR sample”, and annealed samples are
named according to their annealing temperature and time, for instance,
the sample annealed at 700 °C for 4 h is written as “the 700 °C 4 h
sample”.

Samples were hot mounted, ground to one quarter depth and
polished with standard procedures. Vickers hardness measurements
were performedwith a LeitzWetzlar hardness tester. At least 5 different
sample locations were tested for each sample with a load of 200 g for
30 s. 3% Nital solution was used to etch the sample surface after final
polishing and microstructures were investigated with an Olympus
VANOX-T visible light microscope.

TEM samples were prepared by carbon replica extraction. The well-
polished samples were lightly etched with 3% Nital solution before
being placed into a carbon coater for depositing a layer of carbon with
a thickness of around 5 nm. After carbon deposition, samples were
etched in 3% Nital solution for several minutes until the carbon film

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Fig. 1. (a) Schematic annealing procedure for the Ti-VHSLA steel samples, (b) precipitate size (distribution), composition and volume fraction are obtainedby pairs of techniques including
TEM imaging, TEM-EDS, matrix dissolution combined with ICP-OES and SANS.
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started to detach from the steel surface. Nickel (Ni) TEMgridswere used
to pick up the carbon replicas. TEM investigationswere conducted using
a JEOL 2010 (a 200 kV TEM equipped with a LaB6 electron source) and
an FEI Themis Z (double aberration corrected TEM and STEM which is
equipped with two large race-track EDS detectors (Dual X system), op-
erated at 300 kV for the present work). Image-Pro Plus software was
used to measure precipitate radius from bright-field TEM images.
300–500 precipitates were analyzed in each measured sample. An FEI
Nova NanoSEM650 scanning electron microscope (SEM) equipped
with a high angle annular dark field (HAADF) detector and stitching
function was used to investigate the (non-uniform) spatial distribution
of precipitates on carbon replicas at 30 kV.

Matrix dissolution experiments were performed on the CR sample
and samples annealed at 700 °C for 1min, 8min, 1 h and 4 h. In the pres-
ent work, matrix dissolution refers to the whole process, i.e., chemical
dissolution, filtering, centrifuging and ICP-OES measurements. The
schematic diagramofmatrix dissolution is shown in Fig. S1 (see Supple-
mentary material (SM) Section S1). After weighing the sample (the di-
mension is about 10 × 10 × 1.5 mm3) using an analytical balance with
an accuracy of 0.1 mg, 12 ml HCl acid solution (1:1 mixture by volume
of distilled water and HCl acid with a density of 1.19 g/cm3 [32]) was
used to dissolve the steel matrix at 55 °C. In order to separate precipi-
tates from the solution, vacuum filtration with a 20 nm pore size filter
was first conducted, followed by centrifuging performed with a
Beckman Coulter Avanti-20 XP. The solution after filtering was quickly
rotated up to 21,500 rpm at 4 °C and held for 50min. ICP-OES measure-
mentswere conducted on the supernatant obtained afterfiltering of the
CR sample and after both filtering and centrifuging for all samples to de-
termine the Ti and V concentrations.

SANS experiments were performed at room temperature on the
Larmor Instrument at ISIS Neutron and Muon Source (STFC Rutherford
Appleton Laboratory). Sample dimensions for the SANS measurements
are 10 × 10 × 1 mm3 (each side of the 1.5 mm steel plate was ground
away by 0.25 mm). A 5 × 5 mm2 neutron beam and a wavelength
range of 0.42–1.33 nm are used. A 3473-70 GMW electromagnet is
used to generate a transversal magnetic field of 1.65 T, perpendicular
to the neutron beam. This strongmagnetic field is necessary to magnet-
ically saturate the specimens, to avoid any contribution to the scattering
signal from magnetic domains, and separate the nuclear and magnetic
scattering contribution from the SANS pattern [26]. Exposure time of
each sample was 25 min.
Table 1
Chemical composition ranges for the most relevant elements of the HSLA steel (wt%).

C Mn N Ti V

0.03–0.07 0.8–1.2 0.002–0.006 0.03–0.08 0.05–0.12
3. Results

3.1. Visible light microscopy

Micrographs of the CR sample and some samples annealed at 650 °C
and 700 °C for different times are shown in Fig. 2. Themicrostructure in
the CR sample contains elongated grains (Fig. 2a). When annealing at
650 °C for 2min, some sub-grains are observed on the boundaries of de-
formed grains (Fig. 2b). With the increase of annealing time at 650 °C,
the sub-grains continuously form and grow (Fig. 2c) until 8 h, when
the recrystallization is nearly finished (Fig. 2d). In comparison, the re-
crystallization is nearly completed after annealing at 700 °C for 30 min
(Fig. 2e). From 30 min to 4 h, grain growth is observed (Fig. 2e and f).
Clearly, the recrystallization process in samples annealed at 700 °C is
much faster than that at 650 °C.

3.2. Electron microscopy

Bright-field TEM imageswith precipitates extracted from the CR and
700 °C 4 h samples are shown in Fig. 3a–b and c–d, respectively. Three
types of precipitates can be discerned (marked with red arrows) in
both samples (in fact in all samples) and their EDS spectra are shown
in Fig. 3e. Type I precipitates are large cuboidal titanium‑carbonitride
(Ti(C,N)) precipitates with sizes between 150 nm and 500 nm (Fig. 3a,
c and e). Type II precipitates are medium-size
titanium‑vanadium‑carbonitride ((Ti,V)(C,N)) precipitates ranging
from 30 nm to 70 nm with ellipsoidal shape (Fig. 3a, c and e). Type III
precipitates comprise small spherical titanium‑vanadium-carbide ((Ti,
V)C) precipitates with sizes down to 1 nm (Figs. 3b, d and e).

In the EDS spectra in Fig. 3e Ni is present because of the nickel TEM
grids. The Fe signal in the EDS spectra probably originates from residual
Fe atoms attached on the carbon replicas or from the interphase bound-
ary between the precipitates and the matrix, which was found to be
enriched with Fe atoms for (V, Fe)C precipitates in steel in a previous
atom probe tomography (APT) study [26].

Similar precipitate types, sizes and compositions have also been re-
ported in a V-Nb-Ti micro-alloyed steel [38]. Type I Ti(C,N) precipitates
are believed to form during casting and type II (Ti,V)(C,N) precipitates
are believed to form during hot rolling based on the Thermo-Calc simu-
lation in a Ti-V micro-alloyed steel [39]. Both these two types of precip-
itates are thought to be thermodynamically stable in ferrite and
therefore do not change during annealing [38], which is also verified
by the present TEM investigations (cf. Fig. 3a and c). In contrast, type
III (Ti,V)C precipitates evolve during annealing (cf. Fig. 3b and d). The
small amount of (Ti,V)C precipitates observed in the CR sample origi-
nates from the coiling process.

Fig. 4a–c show type III (Ti,V)C precipitates in the 700 °C8min, 650 °C
30 min and 650 °C 8 h samples, respectively. They all have spherical
shape and their size increases with increasing annealing time. Fig. 4d



Fig. 2.Micrographs of the samples (a) CR, (b) 650 °C 2 min, (c) 650 °C 2 h, (d) 650 °C 8 h, (e) 700 °C 30 min and (f) 700 °C 4 h.
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shows size distributions of the (Ti,V)C precipitates and their corre-
sponding lognormal fits as derived from a large number of TEM images
(300–500 precipitates) of the 650 °C 30 min, 650 °C 8 h, 700 °C 8 min
and 700 °C 4 h samples. Themedian radius increaseswith increasing an-
nealing time and temperature. Particularly for the longest annealing
times at 650 °C and 700 °C precipitate coarsening can be observed. It
is worth noting that precipitateswith radius smaller than 0.5 nmcannot
be distinguished in the TEM images and the precipitates between
0.5 nm and 1 nm are underestimated due to the noisy carbon back-
ground. Therefore, the provided values in this range in Fig. 4d are
lower than the real ones.

Fig. 4e shows the Ti/(Ti + V) atomic ratio of the (Ti,V)C precipi-
tates (obtained from EDS measurements) as a function of precipitate
radius in the 650 °C 8 h, 700 °C 8 min and 700 °C 4 h samples. The Ti/
(Ti + V) atomic ratio decreases with the increase of precipitate ra-
dius. The ratios are almost the same as a function of radius for the
700 °C 8 min and 4 h samples, indicating that the Ti/(Ti + V) atomic
ratio is not time dependent. Similarly, there is no observable differ-
ence for the Ti/(Ti + V) atomic ratio between the 700 °C 4 h and
650 °C 8 h samples. This also agrees with the Thermo-Calc simula-
tion, which shows that the Ti/(Ti + V) atomic ratio of equilibrium
(Ti,V)C precipitates is nearly the same at 650 °C and 700 °C [39].
When the trend observed in the experimental data in Fig. 4e is ex-
trapolated down to a nucleus with 0.5 nm radius, the Ti/(Ti + V)
atomic ratio reach values in the range 0.7–1, indicating that the ini-
tial nucleus must have a TiC-rich core.

Summarizing information on the three types of precipitates is given
in Table 2.

Fig. 5a and b show high resolution TEM (HRTEM) images of a 9.3 ±
0.9 nm (Ti,V)C precipitate. The corresponding fast Fourier transform
(FFT) shown in Fig. 5c indicates that viewing is along the [011] zone
axis. Fig. 5d and e show the HRTEM image and FFT of a 1.9 ± 0.2 nm
(Ti,V)C precipitate as viewed along the [001] zone axis, respectively.
Precipitate plane distances in Fig. 5b and d were calculated based on
the reciprocal distances in Fig. 5c and e, respectively. The slight differ-
ences between the two sets of {111} planes in Fig. 5b and the two sets
of {200} planes in Fig. 5d can be the result of a slight crystal tilt (away
from zone axis).

It is reasonable to assume that the lattice parameter of (Ti,V)C can be
estimated by linear interpolation between the ones of TiC and VC be-
cause (Ti,V)C has the same crystal structure as pure TiC and VC and Ti
and V appear perfectly miscible on their sub-lattice. The theoretical
lattice parameter of (TixV1−x)C precipitates can then be expressed as:

a TixV1−xð ÞC ¼ x∙aTiC þ 1−xð Þ∙aVC ð1Þ

where aTiC and aVC are the lattice parameters of TiC and VC, with values
of 0.4367 nm and 0.4187 nm, respectively [40].

Fig. 5f shows the theoretical lattice parameter of the (Ti,V)C precip-
itates as a function of precipitate radius based on the Ti/(Ti + V) atomic
ratio obtained from EDS measurements and three experimental values
obtained from FFT of the HRTEM images. The lattice parameter of the
experimental and theoretical values agree well with each other, both
decreasing with increasing precipitate radius.

A stitched HAADF-STEM image taken with a SEM demonstrates that
type III (Ti,V)C precipitates are not uniformly distributed (see Fig. S2 in
SM Section S2). Their distribution suggests that bigger (Ti,V)C precipi-
tates are present on grain boundaries whereas smaller (Ti,V)C precipi-
tates nucleate on dislocations inside the grains. This is consistent with
the work in [15], in which big (Ti,V)C precipitates at grain boundaries
were illustratedwith a bright-field STEM image and EDS chemical map-
ping. The resultmakes it obvious that it is not accurate to derive the pre-
cipitate volume fraction from small volumes and thus excludes
techniques like TEM or atom probe tomography (APT). In contrast, ma-
trix dissolution or SANS is then much more suitable.

3.3. Matrix dissolution

Since three types of precipitates with different size ranges are pres-
ent in the current steel, afilteringprocedurewith 20 nmfilter paperwas
added between chemical dissolution and centrifuging compared with
the steps described by Lu et al. [32].

In order to fully trust the current matrix dissolution method, two
main issues have to be addressed. The first one is the centrifuging effi-
ciency. Centrifuging directly after chemical dissolution shows that big
clusters of precipitates cannot stick to the wall of the centrifuging tube
and go back into solution again. This problem is solved by filtering
with 20 nm pore size filter before centrifuging, which guarantees an ef-
ficient precipitate separation from the matrix. Sediments after
centrifuging and solutions both before and after centrifuging with the
same dilutionwere examinedwith TEM (see SMSection S3). The results
indicate that the centrifuging efficiency is high enough to generate a suf-
ficiently accurate precipitate volume fraction. The second issue is the
potential dissolution of the precipitates. It was reported that NbC and



Fig. 3. Representative examples of bright-field TEM images of carbon replicas showing
sizes and morphologies of the three different types of precipitates in the sample (a),
(b) CR, (c), (d) 700 °C 4 h, and (e) EDS spectra of the three types of precipitates.
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NbN do not dissolve in HCl solution, and then it can be expected that
this also holds for carbides and nitrides that contain Ti and V, because
they have the same crystal structure and stability [32]. However, it is
better to directly test this expectation experimentally.We therefore dis-
solved pure VC particles with a diameter of about 2 μm in HCl solution
and found that not N1.1% of the VC particle mass dissolved (see SM
Section S4), demonstrating that precipitate dissolution is limited. How-
ever, the dissolution rate of 2 μmparticles is definitely smaller than par-
ticles of several nanometers. Nevertheless, the results of the
experiments described below, including the comparison with the
SANS results, will demonstrate that even these small precipitates hardly
dissolve.

ICP-OES measurements were first performed on the supernatant
after only filtering the dissolved CR sample. In this way, the Ti and
V concentrations in the matrix and the type III (Ti,V)C precipitates
were obtained. By subtracting these concentrations from the
known overall concentrations, the Ti and V concentrations in the
type I Ti(C,N) and type II (Ti,V)(C,N) precipitates were determined.
Based on the Ti/(Ti + V) atomic ratio in these two types of precipi-
tates, the Ti and V concentrations in each type of precipitate can be
calculated. For the other annealed samples, it is assumed that Ti(C,
N) and (Ti,V)(C,N) precipitates do not change. Next, ICP-OES mea-
surements were performed for the supernatants of all samples after
both filtering and centrifuging each sample. Ti and V concentrations
in the matrix of all samples were obtained in this way. The Ti and V
concentrations in type III (Ti,V)C precipitates were obtained since
the Ti and V concentrations in Ti(C,N), (Ti,V)(C,N) precipitates and
in the matrix have been determined and can be subtracted from
the known overall concentrations.

Fig. 6a and b show the percentage of the Ti and V to the total amount
in the three types of precipitates in the CR sample and samples annealed
at 700 °C for 1 min, 8 min, 1 h and 4 h, respectively. For Ti(C,N) and (Ti,
V)(C,N) precipitates together, they have consumed 40.2% of the total
amount of Ti and only 0.6% of the total amount of V, resulting in the
Ti/(Ti + V) atomic ratio of 0.969. For (Ti,V)C precipitates, 4.4% of the
total amount of V has precipitated out in the CR sample and increased
to 78.5% after annealing at 700 °C for 4 h. Ti concentration in (Ti,V)C pre-
cipitates is very low in the CR sample and rises to 53.7% after 4 h anneal-
ing at 700 °C. Fig. 6c shows the average Ti/(Ti +V) atomic ratio of (Ti,V)
C precipitates, indicating a slight decrease with increasing annealing
time. The small difference between 1 min and 4 h (0.270 ± 0.017 for
1 min and 0.251 ± 0.002 for 4 h) agrees well with TEM-EDS results
(cf. Fig. 4e), which show that the Ti/(Ti + V) atomic ratio of (Ti,V)C pre-
cipitates in the 700 °C 8 min and 700 °C 4 h samples is nearly the same.

Combining Eqs. (S1)–(S6) (see SM Section S5), the volume fractions
of the three types of precipitates were calculated and are shown in
Fig. 6d. The total volume fraction of type I Ti(C,N) and type II (Ti,V)(C,
N) precipitates combined is 0.038 ± 0.002%, of which 0.023 ± 0.007%
is Ti(C,N) and 0.015 ± 0.007% is (Ti,V)(C,N). The volume fraction of
type III (Ti,V)C precipitates for the CR sample is 0.011 ± 0.006%. It in-
creases with increasing annealing time, reaching 0.189 ± 0.003% for
the 700 °C 4 h sample.
3.4. SANS

The initial output of SANS measurements is a 2D scattering pattern.
It was transformed into 1D data following the methods described in
[26], giving the relationship between differential scattering cross-
section dΣ/dΩ and scattering vector Q. It consists of two parts: nuclear
scattering (dΣ/dΩ)NUC andmagnetic scattering (dΣ/dΩ)MAG. In the pres-
entwork, nuclear scattering data, obtained by considering the sectors of
30° parallel to the magnetic field, was used for precipitate analysis. The
SANS signal from the CR sample (with pre-existing precipitates and dis-
locations) is used as background signal for the other annealed samples.
Therefore, only precipitates formed during annealing, i.e., type III (Ti,V)
C precipitates in annealed samples are quantitatively characterized.

Based on the expression of nuclear differential scattering cross-
section of precipitates surrounded by a homogenous matrix in a dilute
system [41,42] and taking into consideration precipitate composition
variance with its size, the current nuclear differential scattering cross-



Fig. 4. Representative examples of bright-field TEM images of carbon replicas showing type III (Ti,V)C precipitates in the sample (a) 700 °C 8min, (b) 650 °C 30min, (c) 650 °C 8 h, (d) size
distributions of (Ti,V)C precipitates and their corresponding lognormal fits as derived from a large number of TEM images (300–500 precipitates) of the 650 °C 30 min, 650 °C 8 h, 700 °C
8 min and 700 °C 4 h samples, (e) Ti/(Ti + V) atomic ratio of the (Ti,V)C precipitates as a function of precipitate radius in the 650 °C 8 h, 700 °C 8 min and 700 °C 4 h samples.
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section of precipitates can be written as:

dΣ
dΩ

� �
NUC

Qð Þ ¼
Z

ΔρNUC Rð Þð Þ2DN Rð Þ � V2 Rð Þ � P2 Q ;Rð ÞdR ð2Þ

where R is the precipitate radius. ΔρNUC (R) is the difference in nuclear
scattering length density of precipitates and (ΔρNUC(R))2 =
(22.0 + 12.3·R−0.44) × 10−8 nm−4 (see SM Section S6). V(R) and P(Q,
R) are the precipitate volume and the form factor that describes precip-
itate shape, respectively. For spherical (Ti,V)C precipitates, V(R) = 4/
3πR3 and P(Q,R) = 3(sin(QR) − (QR)cos(QR))/(QR)3 [43]. DN(R) is the
product of the precipitate number density Np and the precipitate log-
normal size distribution (according to TEM results in Fig. 4d) and is
expressed as:

DN Rð Þ ¼ Np

Rσ
ffiffiffiffiffiffi
2π

p exp −
ln Rð Þ− ln Rmð Þ½ �2

2σ2

( )
ð3Þ

where σ is a parameter of lognormal size distribution (related to the
Table 2
Summary of the three types of precipitates.

Type Composition Spectral atomic ratiosa

I Ti(C,N) Ti(C0.10N0.90)
II (Ti,V)(C,N) (Ti0.84V0.16)(C0.5N0.5) - (Ti0.94V0.06)(C0.5N0.5)
III (Ti,V)C (Ti0.70V0.30)C-(Ti0.20V0.80)C

a Note: The (Ti + V)/(C + N) ratios of all the three types of precipitates are assumed to be 1
radius of 4 nmhave a V:C ratio of 1:1 in the core of the precipitates [26]. The C/(C+N) atomic ra
due to their large sizes.
standard deviation and to themean value) and Rm is themedian precip-
itate radius.

The volume fraction of the precipitates can be calculated by integrat-
ing the Q2(dΣ/dΩ)NUC curve (also known as Kratky plot) for the appro-
priate Q interval. For a dual-phase system, the area Qo,NUC below the
Kratky plot is [26]:

Q0;NUC ¼
Z ∞

0
Q2 dΣ

dΩ

� �
NUC

dQ ≈ 2π2 ΔρNUCð Þ2 f V 1− f Vð Þ ð4Þ

Formally ΔρNUC depends (a bit) on R, but performing the integration
to obtain the right-hand side of Eq. (4) a constant average is used, based
on the average precipitate composition obtained by ICP-OES measure-
ments (26.33 × 10−8 nm−4 for the average (ΔρNUC)2), and therefore
the ≈ symbol applies. Since the volume fraction of precipitates in
steel is very low, Eq. (4) can be simplified to:

f V ≈
Q0;NUC

2π2 ΔρNUCð Þ2
ð5Þ
Morphology Size (nm) Origination Stability

Cuboidal 150–500 Casting Stable
Ellipsoidal 30–70 Hot rolling Stable
Spherical 1–30 Annealing Evolve

based on APT measurements, which showed that relatively large VC precipitates with a
tios for type I and II precipitates as derived from EDSmeasurements are relatively accurate
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Fig. 7a shows (dΣ/dΩ)NUC as a function ofQ for the samples annealed
at 650 °C. Compared to the CR sample, the scattering intensity in the
650 °C 2 min sample increases for the whole Q range mainly because
of nucleation and growth of small (Ti,V)C precipitates. The scattering in-
tensity drop for Q b 0.15 nm−1 in the 650 °C 6min sample is most prob-
ably caused by the annihilation of dislocations and sub-grain growth
due to recrystallization process, because large objects like grain bound-
aries, dislocations and large precipitates contribute to scattering intensi-
ties at low Q value [41,44]. With the increase of annealing time, the
scattering intensity increases for the whole Q range because of precipi-
tate growth. It is obvious that the increase in scattering intensity caused
by precipitation is dominant comparedwith the decrease caused by dis-
location annihilation. Fig. 7b shows (dΣ/dΩ)NUC as a function ofQ for the
samples annealed at 700 °Cwith a similar scattering intensity evolution
trend to that at 650 °C. The scattering intensity drops for Q b 0.15 nm−1

after annealing for 1min, indicating a faster dislocation annihilation and
sub-grain growth process than at 650 °C.

Fig. 7c and d show the calculated time evolution of Q2(dΣ/dΩ)NUC as
a function of Q after background subtraction of the CR sample for the
samples annealed at 650 °C and 700 °C, respectively. The peak shifts to-
wards low Q value, indicating precipitate growth or coarsening. The
Kratky plots are fitted by Eq. (2) after it is multiplied by Q2 (solid lines
in Fig. 7c and d), fromwhichfitting parameters of Rm,Np,σ are obtained.
Note here that the fitted curves based on a single lognormal size distri-
bution show deviations from the measured data at low Q values, espe-
cially for the 650 °C 8 h, 700 °C 1 h and 700 °C 4 h samples, because of
distinct size distributions that hold for smaller (Ti,V)C precipitates in-
side the grains and bigger (Ti,V)C precipitates on grain boundaries
(see Fig. S2). The fitted Rm values should increase with the increase of
annealing time, so some fitting involved restricted Rm ranges (the sam-
ples annealed at 650 °C for 30 min, 1 h, 2 h and at 700 °C for 8 min, 1 h,
4 h).

Figs. 8a and b show the evolution of precipitate median radius Rm
and number density Np, respectively. The complete size distributions,
based on these results and Eq. (3), are shown in Fig. S6. Generally, Rm in-
creases whereas Np decreases with the increase of annealing time. Due
to the large error bar of Np for the shortly annealed samples, we cannot
conclude when the nucleation process finishes. The Rm as obtained by
TEM (see Fig. 4d) are bigger than the ones obtained by SANS. This will
be explained in Section 4.1.1.

The precipitate volume fraction fv is calculated by integrating the
area under Kratky plot using Eqs. (4) and (5). Following the methods
in [26], the integrated area consists of two parts: the area below the ex-
perimental Kratky plot in the range of 0.05 nm−1 ≤ Q ≤ 1.02 nm−1 and
the area below the fitted Kratky plot in the range of 1.02 nm−1-

≤ Q ≤ 3 nm−1. The precipitate volume fraction is shown in Fig. 8c. It
gradually increases, reaching 0.129 ± 0.016% and 0.168 ± 0.018% for
the 650 °C 8 h and 700 °C 4 h samples, respectively.
3.5. Hardness evolution

The hardness evolution of the samples annealed at 650 °C and 700 °C
is shown in Fig. 9. The hardness of the CR sample is 282.8 ± 6.3 HV.
When annealing at 650 °C, the hardness first increases to a maximum
value of 304.2 ± 4.2 HV after 6 min, then decreases to 167.6 ± 3.5 HV
after 8 h. While at 700 °C, hardness rises to 308.4 ± 5.9 HV after
1 min and drops to 155.1 ± 4.7 HV after 4 h. Precipitation hardening
is dominant at the early stage and results in the hardness increase.
The higher precipitate volume fraction and median size of the 700 °C
Fig. 5. (a) HRTEM images of a 9.3 ± 0.9 nm (Ti,V)C precipitate, (b) zoom in HRTEM image
of the black square in (a), (c) FFT of (b), (d) HRTEM image of a 1.9 ± 0.2 nm (Ti,V)C
precipitate, (e) FFT of (d), (f) theoretical lattice parameter of the (Ti,V)C precipitates as a
function of precipitate radius based on Ti/(Ti + V) atomic ratio obtained from EDS
measurements (cf. Fig. 4d) and three experimental values obtained from FFT of the
HRTEM images (cf. Fig. 5c and e).



Fig. 6.Results of chemicalmatrix dissolution,filtering, centrifuging and ICP-OESmeasurements of the CR sample and samples annealed at 700 °C for 1min, 8min, 1 h and 4h. (a), (b) Ti and
V percentage to the total amount in all three types of precipitates, (c) average Ti/(Ti+V) atomic ratio of (Ti,V)C precipitates, (d) volume fractions of the three types of precipitates derived
from ICP-OESmeasurement results. The error bars on (Ti,V)(C,N) in (a) and (d) are actually for (Ti,V)(C,N) and Ti(C,N) together, derived from the ICP-OES results of thefilteredCR solution.

Fig. 7.Time evolution of (dΣ/dΩ)NUC as a function ofQmeasured at room temperature for samples annealed at (a) 650 °C, (b) 700 °C. Time evolution ofQ2(dΣ/dΩ)NUC as a function ofQ after
background subtraction of the CR sample for samples annealed at (c) 650 °C, (d) 700 °C, solid lines are the best fits using the model given by Eqs. (2) and (3).
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Fig. 8. Evolution of precipitate (a) median radius Rm, (b) number density Np, (c) volume
fraction fv as derived from SANS measurements of samples annealed at 650 °C and
700 °C. The Rm values, especially for the 650 °C 8 h, 700 °C 1 h and 700 °C 4 h samples
are underestimated due to the big (Ti,V)C precipitates on grain boundaries not properly
captured in the fits at low Q values in Fig. 7c and d.
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1 min sample leads to the higher hardness peak value than the 650 °C
6 min sample (see Fig. 8a and c).

4. Discussion

4.1. Precipitate quantification methods comparison

Nano-scale precipitates can be quantitatively characterized by TEM-
based imaging, TEM-EDS, SANS, matrix dissolution and APT. However,
the small volume of a typical APT tip (15 × 15 × 100 nm3 [45]) limits
statistical analysis of precipitate composition, size, number density
and volume fraction. It can only deliver statistically relevant results
when the small precipitates are homogeneously dispersed with very
high density such that at least tens of precipitates are present in an
APT tip. We demonstrated that the precipitates are not uniformly dis-
tributed in the matrix (Fig. S2) and the number density is not that
high (Fig. 8b). There would be less than one precipitate in an APT tip
with the above-mentioned dimensions. Due to the small amount of pre-
cipitates analyzed, APT can therefore not provide accurate quantifica-
tion results for size distribution and volume fraction. Even when the
compositions of a few precipitates are determined accurately, then it
is still not known how representative these compositions are for other
precipitates.

The investigated area in TEM is also small, but since we can still in-
vestigate hundreds of precipitates, the precipitate size distribution and
compositions can be determined with reasonable accuracy. For in-
stance, when the size distribution is based on ten different bins, a total
of hundred analyzed precipitates means that the average number per
bin is ten. Then, since Poisson statistics hold, the average accuracy per
bin is 10 plus or minus the square root of 10. This already large error
bar implies that it is definitely required to analyze at least one hundred
precipitates to obtain a reasonably accurate size distribution.

In contrast to APT and TEM, matrix dissolution and SANS investigate
a large volume (typically values are both larger than 5 × 5 × 10 mm3).
However, matrix dissolution does not allow determination of the pre-
cipitate size distribution. Still the average composition of the precipi-
tates (in different size ranges) and the total precipitation volume
fraction can be determined accurately for a large sample volume.
SANS in principle allows the assessment of the precipitate size distribu-
tion, but this assessment is quite indirect and its accuracy can be de-
bated, because of low signal-to-noise (SN) ratio and since it also
heavily relies on modeling with inherent assumptions such as that the
size distribution is of lognormal type. On the other hand, the total pre-
cipitation volume fraction can be determined accurately using SANS,
since this relies on an integrated intensity signal, that inherently possess
a larger SN ratio, but also depends much less on modeling assumptions.

4.1.1. Precipitate size
For type III (Ti,V)C precipitates, the median size as obtained by TEM

is overestimated because of the underestimation of small precipitates
below 1 nm. A systematic error for median precipitate size might be
caused by the non-uniform precipitate distribution when the investi-
gated area by TEM is not representative, although 300–500 precipitates
were counted in eachmeasured sample. Themedian size as obtained by
SANS is slightly overestimated because of the very small fraction of pre-
existing (Ti,V)C precipitates in the CR sample, whose signal is
subtracted as background signal in the annealed samples. On the other
hand, it is underestimated because the experimental Kratky plots at
low Q values (corresponding to bigger precipitate sizes) are not cap-
tured by the fitted plots when a single lognormal size distribution is
used in Eq. (3). This underestimation becomes obvious with the in-
crease of annealing time because the longer the annealed time the
more distinct the precipitate size difference on grain boundaries and in-
side the grains. As a result, the precipitate median sizes as obtained by
SANS is most likely overestimated for the samples with shorter anneal-
ing times whereas it is underestimated for the samples with longer
annealing times. The above discussions explain why precipitate median
sizes as obtained by TEM are higher than those as obtained by SANS in
Fig. 8a. This result is consistent with the previous reports that mean
sizes obtained by TEM are higher than those obtained by SANS for



Fig. 9. Hardness evolution in HSLA steel samples isothermally annealed at 650 °C and
700 °C.
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precipitates with radius smaller than 5 nm [28,45,46]. For bigger precip-
itates, results of the two methods agree relatively well [37].

Most (Ti,V)C precipitates investigated by TEM are inside the grains
whereas few big (Ti,V)C precipitates formed at grain boundaries are in-
cluded in the obtained size distribution with TEM (cf. Figs. 4d and S2)
due to the small investigated area. The median size as obtained from
the SANS measurements is based on the assumption that precipitate
size shows a lognormal distribution and precipitates are homoge-
neously distributed over the volume of the sample. Therefore, both
these twomethods have difficulty in properly accounting for the precip-
itates on grain boundaries.

4.1.2. Precipitate composition
The Ti/(Ti + V) atomic ratio of individual precipitates can be ob-

tained by TEM-EDSwhereas the average Ti/(Ti + V) atomic ratio deter-
mination is impossible. For ICP-OES this is reversed. In this respect, the
two techniques are complementary.

For (Ti,V)C precipitates, both TEM and SANS results show that the
median radius is between 1 nm and 3 nm. Based on Fig. 4e, the average
Ti/(Ti + V) atomic ratio obtained by TEM-EDS should then be between
0.3 and 0.7, which is higher than that obtained by ICP-OES measure-
ments (0.25–0.27). This is mainly because big (Ti,V)C precipitates on
the grain boundaries occupy a large volume and play a dominant role
in determining with matrix dissolution the average Ti/(Ti + V) atomic
ratio. In turn, it proves that precipitate size does not follow the lognor-
mal distribution when precipitates both on grain boundaries and inside
the grains are considered.

4.1.3. Precipitate volume fraction
The volume fractions of the three types of precipitateswere obtained

separatelywith thematrix dissolutionmethod. In contrast, only the vol-
ume fraction of precipitates grown during annealing, i.e. type III (Ti,V)C
precipitates, was obtained with the SANS measurements.

The volume fraction of the (Ti,V)C precipitates is underestimated by
both the matrix dissolution and the SANSmethods. The slight underes-
timation bymatrix dissolution is because precipitates are a bit dissolved
and the centrifuging efficiency is not 100%. Whereas the pre-existing
small (Ti,V)C precipitates in the reference CR sample and the decrease
in dislocation density upon annealing result in small underestimation
for SANS measurements. Therefore, the method which gives a higher
volume fraction value should be more accurate.

Fig. 10 shows volume fraction comparison of the (Ti,V)C precipitates
obtained from matrix dissolution, SANS and SANS+CR. The precipitate
volume fractions as obtained by matrix dissolution are a little higher
than those directly obtained by SANS for the samples annealed at
700 °C for 1 min, 8 min and 1 h but almost the same for 4 h. Yet,
when the volume fraction in the CR sample obtained bymatrix dissolu-
tion is added to the values obtained by SANS, the SANS+CR and matrix
dissolution results agree very well. Therefore, we demonstrate that the
matrix dissolution method is quite accurate. The results, in turn, show
that the precipitate separation efficiency by matrix dissolution method
is high and that the precipitate dissolution must have been limited.
The results based on matrix dissolution possess a smaller error com-
pared to the results based on the SANS results.

The present work demonstrates that this modified matrix dissolu-
tionmethod is quite powerful for obtaining precipitate volume fractions
in steels. By combining filtering with different pore size filter paper and
centrifuging, volume fractions of precipitates with different size ranges,
which form during casting, hot rolling and annealing, can be obtained.
This is quite important when further analysis is desired, such as verify-
ing thermodynamic simulation results of element fractions in precipi-
tates and the precipitate volume fraction, calculating Zener pinning
force and precipitate strengthening because these effects show large
differences for precipitates with different sizes [2]. The method pro-
posed here is quite general and can thus be applied to a wide range of
steels (or metal alloys) containing precipitates. A crucial requirement
for thematrix dissolutionmethod is of course that thematrix can be dis-
solved, without any appreciable dissolution of precipitates. Summary of
appropriate solution recipes for different precipitates and materials can
be found in [35,47,48].

4.2. Precipitate evolution

Precipitates nucleated on dislocations inside the grains and on grain
boundaries, as deduced from Fig. S2. Based on [49], the change in Gibbs
free energy ΔG as a result of precipitation can be expressed as:

ΔG ¼
V Δgv þ Δgsð Þ þ Aγ þ ΔGdis on dislocationsð Þ

V Δgv þ Δgsð Þ þ Aγ þ ΔGgb on grain boundariesð Þ

8<
: ð6Þ

where V and A are respectively the volume and the area of the nucleus,
Δgv is the chemical driving force (negative),γ is the interface energy be-
tween the precipitate and the matrix, Δgs is the strain energy (positive)
that arises as a result of the difference in volume between the precipi-
tate and thematrix,ΔGdis andΔGgb are the released energy due to nucle-
ation on dislocations and grain boundaries, respectively. The activation
energy for nucleation can be calculated with the critical nucleation ra-
dius which is obtained by taking the derivative of ΔG with respect to
R. VC has a lower lattice misfit with ferrite matrix compared to TiC
and thus potentially less positive Δgs and γ values. Jang et al. [40] re-
ported a more negative Δgv value (formation energy is used in [40])
for TiC compared to VC as based on first principle calculations. Since
TEM-EDS composition of the (Ti,V)C precipitates agrees with a TiC-
rich core (Fig. 4e), this formation energy Δgv must be dominant. It is
of course possible, even likely, that the nucleus is not pure TiC, but
with a small amount of V.

After nucleus formation, both V and Ti diffusion are needed for pre-
cipitate growth. Precipitate growth and coarsening rates are propor-
tional to the diffusion coefficient [50,51]. The diffusion coefficients for
grain boundaries are higher than that for dislocations, andmuch higher
than that for lattices [52]. Therefore, precipitates on grain boundaries
grow and coarsen faster than those inside the grains. This difference be-
comes more obvious with the increase of annealing time because dislo-
cation density decreases. As a result, the precipitates overall do not
show a lognormal size distribution. The diffusion coefficient of Ti is
lower than that of V [53], also resulting in the observed decrease of
the Ti/(Ti + V) atomic ratio in the (Ti,V)C precipitates when they
grow bigger. The median size of the (Ti,V)C precipitates reach 2.22 nm
after annealing at 650 °C for 8 h and 3.02 nm at 700 °C for 4 h (see



Fig. 10. Volume fraction comparison of (Ti,V)C precipitates obtained from matrix
dissolution, SANS and SANS+CR. The “SANS+CR” means that the volume fraction in the
CR sample obtained by matrix dissolution is added to the values obtained by the SANS
measurements.
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Fig. 4d). This growth (coarsening) rate is low. Dunlop et al. [54] com-
pared the coarsening behavior of VC, TiC, and (Ti,V)C precipitates in fer-
rite and found that TiC coarsened most rapidly whereas (Ti,V)C
coarsened slowest, ascribing this to the high chemical-bonding energy
of the (Ti,V)C precipitates.

For precipitates with two or more micro-alloying elements, their
chemical composition not only depends on the initial elemental concen-
tration in steel, but also varies with its size (as shown in Fig. 4e). Atomic
fraction of Ti increases in (Ti,W)C precipitates [40], but decreases in (Ti,
Nb)C precipitates [55] and (Ti,Nb)(C,N) precipitates [56]. The evolution
of the atomic fraction of Ti in (Ti,Mo)C precipitates is controversial: an
increase was reported in [40,55] whereas a decrease was reported in
[28] with increasing precipitates size. Variations in precipitate composi-
tion lead to differences in precipitate lattice parameter. This explains
why different lattice parameters values have been reported for multi-
component precipitates, for instance, 0.445 nm in [21] whereas
0.438 nm in [22] for (Ti,Nb)C precipitates, and 0.433 nm in [23]whereas
0.423–0.430 nm in [24] for (Ti,Mo)C precipitates.
4.3. Hardness evolution

Normally, hardness decreases when annealing a cold-rolled steel
mainly due to recrystallization. Yet, for our samples, the hardness was
observed to first increase and then decrease when annealing at both
two temperatures. This hardness evolution is a combined result of pre-
cipitation, recrystallization and grain growth. Fig. 11 shows a schematic
illustration of the hardness evolution. Three different stages in time can
be discerned:

Stage I: Up to 6 min at 650 °C and 1 min at 700 °C where peak hard-
ness occurs. Within this stage precipitation hardening occurs, while re-
crystallization has not yet started (but recovery occurs). Interestingly,
the annealing time corresponding to the peak in hardness coincides
with the time where the SANS signal shown in Fig. 7a and b shows a
clear minimum for Q b 0.15 nm−1. This is probably related to the de-
crease in dislocation density (due to recovery). It is inferred that disap-
peared dislocations aremainly statistically stored dislocations,which do
not contribute to dislocation hardening [57]. At the same time small
precipitates grow as deduced from the TEM results. This is consistent
with the increase in the SANS intensity for Q N 0.15 nm−1. The overall
hardness increase observed thus shows that precipitation hardening is
dominant.

Stage II: From 6 min to 8 h at 650 °C and from 1 min to 30 min at
700 °C as estimated from the VLM images (see Fig. 2). During this
stage, the dislocation density decreases rapidly. Hardness decrease
caused by recrystallization is dominant compared with precipitation
hardening. Therefore, the hardness decreases dramatically.

Stage III: From 30 min to 4 h at 700 °C. During this stage, the hard-
ness decrease is caused by precipitate coarsening and grain growth.

5. Conclusions

Cold-rolled Ti-V HSLA steel was isothermally annealed at 650 °C and
700 °C for different times. The microstructure, precipitate and hardness
evolution have been investigated and precipitates were quantitatively
characterized and compared by a combination of TEM imaging, TEM-
EDS, matrix dissolution and SANSmeasurements. Themain conclusions
are:

(1) Recrystallization is (nearly) complete after annealing at 650 °C
for 8 h, while it takes 30 min at 700 °C.

(2) Three types of precipitates were identified in all the samples:
large cuboidal Ti(C,N), medium-size ellipsoidal (Ti,V)(C,N)
and small spherical (Ti,V)C. The first two types are thermody-
namically stable while the third type evolves during the an-
nealing.

(3) For (Ti,V)C precipitates, the Ti/(Ti + V) atomic ratio decreases
with increasing precipitate radius. The annealing tempera-
ture, either 650 °C or 700 °C, or the annealing time has no ob-
servable effect on this ratio.

(4) For (Ti,V)C precipitates, their median size (Rm) increases,
whereas the number density (Np) decreases with increasing
annealing time.

(5) The matrix dissolution method allowed the separate volume
fraction determination of the three types of precipitates pres-
ent in the CR and annealed samples, whereas only the volume
fractions of (Ti,V)C precipitates were obtained from the SANS
measurements for the annealed samples. The volume fraction
of (Ti,V)C precipitates obtained by both methods is in close
agreement, but both provide slight underestimations.

(6) The hardness was observed to first increase and then decrease
when annealing at both 650 °C and 700 °C. The initial hardness
increase is dominated by precipitation whereas the subse-
quent large decrease is mainly caused by recrystallization.

CRediT authorship contribution statement

Xukai Zhang: Conceptualization, Investigation, Formal analysis,
Writing - original draft. Chrysoula loannidou: Investigation, Formal
analysis. Gert H. ten Brink: Investigation. Alfonso Navarro-López: In-
vestigation. Jan Wormann: Investigation. Jean Campaniello: Re-
sources. Robert M. Dalgliesh: Investigation. Ad A. van Well: Formal
analysis. S. Erik Offerman: Writing - review & editing. Winfried
Kranendonk: Writing - review & editing. Bart J. Kooi: Supervision,
Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research was carried out under project number F41.5.15566 in
the framework of the Partnership Program of the Materials innovation
institute M2i (www.m2i.nl) and the Foundation for Fundamental Re-
search on Matter (FOM) (www.fom.nl), which is part of the
Netherlands Organization for Scientific Research (www.nwo.nl). Exper-
iments at the ISIS Neutron and Muon Source were supported by a

http://www.m2i.nl
http://www.fom.nl
http://www.nwo.nl


Fig. 11. Schematic illustration of the hardness evolution during annealing of the cold-
rolled HSLA steel.
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