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Spectrum imaging and three-dimensional
atom probe studies of fine particles in a
vanadium micro-alloyed steel

A. J. Craven*1, M. MacKenzie1, A. Cerezo2, T. Godfrey2 and P. H. Clifton3

Sub-15 nm vanadium based particles are one of the strengthening mechanisms in vanadium

microalloyed high strength low alloy steel. Two analytical methods, spectrum imaging using

electron energy loss spectroscopy (EELS) and three-dimensional atom probe, have been used to

characterise such particles in the matrix, confirming the results of an earlier EELS study using

extraction replicas where the particles were found to be N rich (V,Cr)(C,N). The present study also

showed that the extraction efficiency of particles ,4 nm is low. The three-dimensional atom probe

showed an ‘atmosphere’ of segregated atoms around the cores of the particles and this was

supported by the EELS results. In addition, it showed that the C concentration in the matrix was

close to the equilibrium concentration at 600uC, supporting the explanation that the low C content

of the particles was the result of Fe3C formation. Areas where the techniques can be further

improved are identified.
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Introduction
Sub-15 nm vanadium based particles, formed at or after
the austenite to ferrite transformation, provide signifi-
cant strengthening in vanadium micro-alloyed high
strength low alloy steels for thin sheet applications1

while larger particles, formed in austenite earlier in the
thermomechanical processing, provide grain refinement.
Previous papers have reported a detailed nano-analytical
transmission electron microscope (TEM) investigation
of precipitation in a series of vanadium based high
strength low alloy steels (manufactured by a simulated
direct charged thin slab process) using carbon extraction
replicas.1–4 This technique gives good contrast for
extracted particles, low background for analysis using
electron energy loss spectroscopy (EELS) and energy
dispersive X-ray (EDX) spectroscopy, and no perturba-
tion of the objective lens properties caused by a typical
ferromagnetic foil specimen. This earlier work showed
that the sub-15 nm particles were nitrogen rich carboni-
trides whereas they were expected to be carbon rich,
based on both the predictions of an equilibrium thermo-
dynamic model and the formulation of the steels.1,4

However, few particles with sizes ,4 nm were observed
whereas a significant number were expected, suggesting

poor extraction efficiency for the smallest particles. A
plasma process was also used to thin the carbon film to
reduce its contribution to the C K edge. However, this
process may have modified the measured compositions.4

There are many advantages to studying the particles
in the matrix, e.g. removal of the potential for particle
modification during specimen preparation, avoidance of
differential extraction efficiency and provision of infor-
mation on the relationships between the particles and
the matrix.

The present paper reports a pilot study of particles
within the matrix using two complementary techniques,
EELS spectrum imaging (SI) in the nano-analytical
TEM and the three-dimensional atom probe (3DAP).
Burke et al.5 have reported X-ray SI and 3DAP results
from a high Ni A508 Gr4N forging steel but the
precipitates studied by the X-ray technique were
,50 nm in size while those studies by 3DAP were
,5 nm. Lozano-Perez et al.6 have used EELS and EDX
mapping, high resolution electron microscopy and
3DAP to characterise small copper rich particles in an
Fe–C–Ni–Mn–Si alloy. Number densities and mean
particle radii showed a reasonable degree of agreement
but with some discrepancies. The EELS technique used
by these authors was based on the energy filtered
transmission electron microscopy (EFTEM).

EELS SI records a complete spectrum at each pixel,
allowing full processing of the spectra with the certainty
that all the edges correspond to the same spatial
position. Here, the aim was to check the agreement
obtained in the results from the 3DAP and SI
techniques, which are based on different physical
principles. A further aim was to compare the results
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