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ABSTRACT

The present research work deals with the analysis of dendritic precipitates present in a commercially produced Nb-Ti-V
steel. The study was performed by scanning electron microscopy on precipitates extracted by chemical dissolution of a
microalloyed steel matrix in the as-cast condition. Well-ramified dendritic precipitates of the (Ti,Nb,V)(C,N) type, rich
in Ti or Nb of micrometric size, growing by faceted mechanisms were observed. The growth of primary and secondary
arms look like laths when rich in Ti. This morphology is less accentuated in dendritic regions rich in Nb, which showed
larger ramification. Dendrites with four-fold symmetry, with primary and secondary branches, were also found, but the
well-ramified dendrites predominate. Computational thermodynamics was used to simulate the segregation during the
solidification, and the results obtained both with the Scheil model and with a simple model including diffusion during

solidification, are consistent with the observations.
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INTRODUCTION

A good combination of strength and toughness in steels
with improved weldability, can be achieved using
microalloying, mainly by grain refinement mechanisms
and precipitation hardening. This combination is more
efficiently achieved if controlled rolling is used [1-4].
Thus, for instance, considerable increase in strength
has been reported by Lu et. al [5] for precipitates with
sizes lower than 5 nm. As in other steels, contributions
to the strength are also provided by Mn, Si and other
elements [3].

The most efficient use of microallying involves the
proper combination of the microalloying elements Ti,
Nb and V, when precipitation hardening is important
[4]. Besides the concentration of the microalloying
additions, the amount of C and N can influence the
density, type and composition of precipitated particles,
as well as the temperature range in which precipitation

occurs. The effectiveness of using multi-element

microadditions is strongly influenced by the nature and
initial characteristics of the microalloy precipitates
present in the continuous casting slab [6], as well as
their dissolution and reprecipitation in the proper size
distribution and with the correct composition. Thus, the
composition, morphology, distribution and size of the
precipitates in the as-cast plate may play a crucial role
in controlling the microstructure of microalloyed steel
during the hot rolling process, and on the steel
performance. For this reason, many studies have been
devoted to identify the types of precipitates present in
the as-cast condition of the microalloyed steel-slab [6-
9].

Carbonitrides of Ti, Nb and V in combination or along
has a cubic structure, and they are are mutually soluble,
to some extent, as a function of temperature and
composition [1]. Furthermore, these elements segregate

differently during solidification, and the steel may pass
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through a peritectic transformation. When this occurs,
austenite formation normally increases the segregation
of various solutes [10]. Thus, precipitates of complex
chemistry and morphology with sizes in the
micrometric level can be found in as cast-plates. The
most common coarse precipitates found in the as-cast
structure of microalloyed steel-slab are of cuboidal
shape, rich in Ti and N. In addition, precipitates with
dendritic, laths and cruciform morphologies are also
observed. Their characterization is complicated by the
fact that some precipitation may occur during
solidification while additional precipitation that
happens on further cooling may (or may not) use the
primary precipitates as nuclei. For instance, a study
conducted by Baker et.al [11] evidenced large dendritic
precipitates in V-Nb-Ti steels. Dendritic Ti, Nb
carbonitrides in the as-cast slab microstructure, and
TiN particles over 1 um in size were also identified by
Hong et. al [12] when studying a Ti-V-Nb steel.
Cuboidal TiN, star-like (Ti, Nb)(C, N), and spherical
NbC, were reported by Ruiz-Aparicio [13] in a low
carbon microalloyed steel, with variation in Nb and Ti
concentrations. Additionally, Li et. al [14], reported the
observation of a eutectic carbonitride in a 0.22% C
steel, after quenching from 1400°C. Cuboidal shaped
TiN and round shaped mixed (Ti,Nb)(C,N) have been
observed by Strangwood [15], while cruciform
precipitates of complex (Ti,Nb)(C,N) were detected for
instance by Ruiz-Aparicio [13] and by Kraven et al.
[4]. Likewise, V-rich complex (Ti,Nb,V)(C,N)
precipitates of different shapes were revealed by S.
Shanmugam et al. [16].

The volume fraction of fine precipitates available in
microalloyed steel to provide grain refinement and
dispersion strengthening during thermomechanical
processing, depends upon the amount of precipitates
that can be taken into solution during reheating [17]. In
conventional controlled hot rolling, continuous casting
slabs frequently cool down to room temperature,

follow by reheated up to 1250°C, to allow the
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homogenization of microstructure and the dissolution
of precipitates formed during and after solidification.
While a significant portion of the carbonitrides
dissolve, the treatment cycle may be insufficient to
dissolve some of the larger interdendritic carbonitrides
completely. They may then remain partial or wholly
undissolved after the typical reheating cycle [14], [18].
Knowing the content of microalloying elements that
will be in solution at the end of the reheat cycle, is of
great importance for the design of an efficient process
and economical use of the microalloying elements.

Considering the reasons above depicted, the present
work was conducted to evaluate the nature of large
precipitates in a microalloyed steel slab, as well as the
possible process involved in their formation. Even
though considerable research has been done on the
subject as discussed previously, the composition and
morphology of the precipitates are, as expected,
sensitive to chemical composition and casting
parameters. Thus some near symmetric and well-
developed dendritic precipitates morphologies reported
in the present work have not been observed in the
revised literature. In addition, the work shows results
that indicate precipitate formation by epitaxial growth,
similar to some observations reported by Ruiz-Aparicio
[13]. In previous studies conducted by Basanta, et al.
[19], complex carbonitrides precipitates were
evaluated. New evidence of less conventional
arrangements of dendritic precipitates will be the

contribution of the present work.

MATERIALS AND METHODS

The study was performed upon a 200 mm thick Nb-Ti-
V microalloyed steel-slab in the as-cast condition,
produced by continuous casting. Table 1 displays the
chemical composition of the microalloyed steel.

The characterization of precipitates was conducted on
residues extracted from the matrix by chemical
dissolution of the steel from samples cut from the

centerline segregation area of the slab. The precipitates
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collected in filters were analyzed by Scanning Electron
Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS), through backscattered electron
images mode, using ESEM FEI-Quanta FEG 250 with
EDAX-APOLLO X and ESEM FEI-Quanta FEG 200
with Oxford-INCA. Computational thermodynamics
calculations were performed with Thermo-calc 2016a
and DICTRA [20], using TCFES8 [21] and MOBFE3
[22] databases.

Tablel. Chemical composition of the microalloyed

steel (Wt %)
Element Wt %
C 0.12
Si 0.282
Mn 1.36
\Y% 0.064
Nb 0.053
Ti 0.016
N 0.0064
S 0.003
Ti/N 2.5
RESULTS AND DISCUSSION

The SEM characterization of residues retained on filter
paper after the dissolution of the matrix, revealed the
presence of large and well-branched dendritic
precipitates having secondary, tertiary and quaternary
arms in the as-cast structure. Figure 1, for instance,
shows a backscattered electron image of such
precipitates, with a close-up of the right side zone at
the upper part of this figure, which corresponds to a
cuboidal precipitate. This precipitate grows by a
faceted mechanism and degenerates in a dendrite with
four primary arms, arising from the corners of the
cuboid, which probably grow faster due to larger
constitutional undercooling than on the facets, as
suggested by Stefanescu [23]. The faceted cuboidal
precipitate was identified as (Ti,Nb,V) (C,N)

carbonitrides rich in Ti as revealed by the EDS analysis
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(a), taken in point (a) of Figure 1. A faceted secondary
arm appears in one of the corner end of this cuboidal-
particle, (point 2 in Figure 1), where there is probably
more available space to growth. A similar developing
process appears to be followed by other secondary
arms, for example those numbered 3 to 6. A common
characteristic to some of them, such as-those numbered
2, 4 and 6, is the change in the growth direction to a
preferential crystallographic orientation, avoiding

interference with surrounded secondary arms.

 KeV

Fig.1. Dendritic Precipitate with EDS Analysis: a) EDS
Analysis in pint a, b) EDS Analysis in pint b.

Closer examination of the cuboidal precipitate in
Figure 1, provides more details about the faceted
growth. It follows a stacking brick-like structure,
probably due to a lateral growth mechanism from
existing steps or ledges, along preferred growth
direction, as pointed out by Cheng et al. [24] in a study
on laser clad TiC reinforced FeAl intermetallic
composite coating. Each layer is regularly spaced, and
the spacing between them are distinguished by
differences in contrast, suggesting fluctuations in
chemical composition during the growing process.

Inside the layers can be seen enlarged particles of few
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microns, and finer rounded particles less than 1pm.
Those particles are enclosed in a circle in Figure 1.
Precipitate particles, as the brightest one labeled (b) in
the magnified zone of Figure 1, are also observed on
primary, secondary and tertiary arms. These brightest
particles are rich in Nb, as showed by the EDS analysis
(b), and may nucleate at lower temperatures in solid
state given the reduction in the solubility of Nb,

incrementing the stability of the Nb-carbonitride.

Analogs dendritic precipitates as the one showed in
Figure 1, may be classified as precipitates type I,
according to the description proposed by Baker [3].
They were located in the interdendritic zone [19],
attributed to microsegregation, and originated by the
rejection of microalloying elements by the growing
solid. The rejected elements accumulate in front of the
solid/liquid interface, leading to a decrease in the local
freezing temperature by constitutional undercooling,
generating the conditions for nucleation of microalloy-
precipitates from the supersaturated liquid. The
precipitates develop a dendritic morphology since any
protuberance that is formed by the instability of
solid/liquid interface, will survive in the undercooled

liquid.

Some secondary and tertiary arms find more space for
growth, experiencing a more marked coarsening.
Likewise, the growth of secondary and tertiary arm is
preferred at one side of some primary or secondary
arm, respectively. The largest primary arm observed in
Figure 1 is about 66 um long. This dendrite shows near
19 secondary arms, including the tiny ones, given a

secondary arm spacing of about 3.5 pm.

Figure 2 displays less-ramified dendrites. According to
the mapping of microalloying elements of Figure 2a,
the regions with fewer secondary arms are richer in Ti
and contain Nb and V. The most ramified portions of

dendrite are Nb-rich also containing Ti, and are
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depleted in V. The vanadium appears more associated
to the Ti rich carbonitrides. According to Gobachev
et.al [25], if the amount of Ti in steel is insufficient to
bind nitrogen completely, then a noticeable amount of
V can also be bound into corresponding carbonitride,
which is the case of the steel under investigation. The
microalloyed contains 0.0064 % of nitrogen and
0.016% of titanium. The stoichiometric amount of Ti
required to binding this amount of nitrogen is 0.0219%.
Therefore, the dissolution of V in Ti carbonotride can
be justified. Additionally, the lattice parameter of
titanium nitride and vanadium nitride are similar,
0.4244 nm [26] and 0.4139 nm [27], respectively. On
the other hand, due to the significant differences in the
lattice constants, V is unlikely to form a complex
carbide with Nb, as pointed out by Inoue et al. [2].
Thus, the amount of V predicted in Nb carbonitrides is

very limited.

A zone of Figure 2b enclosed in a circle, when
magnified (Figure 2c), revealed the well-faceted
growth of the dendrite, showing a lath-morphology
again. It is important to highlight a lot of particles that
precipitate inside the faceted precipitates, which also
appear on its outer surface, and are observed with more
detail on laths and cuboidal precipitates in Figure 3a
and 3b. The formation of these Nb-rich precipitates on
pre-existing Ti-rich precipitate, probably implied an
epitaxial-growth mechanism, similar to NbC attached
to a large cube-shaped (TiNb)(CN) reported by
DeArdo in a Nb-Ti stabilized 409 Ferritic Stainless
Steels [28] This preferential growth may be favor by a
larger reduction in interfacial energy. In the present
work, besides the cuboidal (Ti,Nb,V)(C,N) particles,
these epitaxial precipitates also appear on laths and
dendrites. They are of the (Nb,Ti,V)(CN) type, as
exhibited by the semi-quantitative EDS analysis in
Figure 3. The epitaxial growing precipitates attached to
the outer surface of host particles are larger than those

located in the interior. The bigger one is below 2 um in
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size. This suggests a faster-growing process on the free

surface than in the interior of precipitate due to favored

atom diffusion.
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Fig. 2. Images of dendritic precipitates (a and b) with zapping of precipitate in image a. ¢) Detail of region
encircled in b.

Figure 4a shows an image of dendritic carbide-particle,
with primary branches forming an angle of 90°
between them. The dendritic particle reflects a four-
fold crystal lattice symmetry, and corresponds to a Nb-
rich carbide, additionally containing Ti and V, as
revealed by the EDS analysis, showing a ratio of
composition close to Nb:Ti:V=0.84:0.12:0.04. It is
important to notice that nitrogen was not detected in
this particle. The dendritic precipitate ramified with a
symmetric configuration of periodic secondary
branched regularly spaced, growing perpendicular to
the trunk of the primary arms. Small secondary arms,
far from the tip, are less symmetric. The horizontal
primary arm is near 5.6 pm long and the vertical one
has a length of 4.2 pm, with 26 and 20 secondary arms,
respectively, which gives a secondary arm spacing

almost identical of about 0.2 pum.

The development of this very symmetric dendritic
morphology may be caused by an isotropic heat
extraction for an undercooled melt, with an interface
temperature gradient, G<0, [30]. The profile of heat
extraction may be caused by local constitutional
undercooling conditions around the distinct growing
directions of the dendrite, free of interactions with
another growing nucleus. The dendrite advance along
fast growth directions, in this case <100> for a cubic

crystal (cubic-F) [29].

Simulations with computational thermodynamics
The redistribution of solute during solidification has
been modeled by several methods in the last decades
with the aim of applying the models to the prediction
of structure and chemical composition in continuously

cast slabs (e.g.[31-34]). It is recognized that the
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simplest model that can be applied to estimate the
redistribution of solute is the one proposed by Scheil
[35] in which complete mixing is assumed in the liquid
and no diffusion in considered in the solid. Albeit this
is an extreme situation, Schneider and co-workers [33]
have achieved reasonable results when studying the
precipitation of TiN in the centerline of continuous cast
slabs. Furthermore, in recent years, a model in which
carbon and nitrogen are considered to behave as if they
could diffuse in the solid has been made available in by
Chen and Sundman [36] and implemented in Thermo-
calec. Within the methods of computational
thermodynamics, the use of a diffusion simulation
software such as DICTRA is the ideal solution [37].
However, the simulation of disperse solid phases
precipitating from the liquid requires the use of the
homogenization model [38] which, in the case of
carbonitrides, can be extremely demanding on
computational time. For this reason, two methods were
used to evaluate the expected changes in the
composition associated with segregation. In the first,
segregation was simulated according to the Scheil

model assuming C and N to diffuse according to [36].

The composition of the compounds identified as “TiN”
and “NbC” are consistent with the miscibility gap
calculated and measured by Inoue and co-workers in
[2]. As the two compounds have the same crystal
structure, epitaxy could be expected. Furthermore, as
the growth happens in segregated liquid, the conditions
for dendritic solidification are set, as discussed in the
previous section. Different from the star-like or
cruciform precipitates observed by Ruiz-Aparicio [13]
however, it is evident that the solidification of the
“NbC” compound can happen still in the liquid state,
consistent with the microstructural observations
described above. In both compounds, the calculations
indicate small dissolution of vanadium, consistent with
the lower stability of the carbonitrides of this element.
It is most probable that the vanadium compound

precipitates in the solid state on top of the particles
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formed in the liquid, in a mechanism similar to that
described by Ruiz-Aparicio for star-like precipitates.
However, this has not been detected by the SEM. This
may be associated with the fact that they may be

present at a finer size scale.
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Fig. 3. Lath-Shaped Ti rich precipitates with EDS

analysis of small Nb rich particles attached to them.
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In order to avoid the difficulties associated with the
modeling of the precipitation of the carbonitrides in
DICTRA, these phases were not included in the model.
For a plate of 200 mm thickness, a secondary dendrite
arm spacing of 575 um was assumed. Using the
correlations proposed by Suzuki and co-workers [39],
this corresponds to a cooling rate of 0.03K/s. A
cylindrical geometry was assumed with the secondary
dendrite arm spacing as the diameter of the cylinder

[37]. The simulation was conducted until complete
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solidification. Then, the phases in equilibrium for each
composition of the segregated liquid and temperature at
the solid-liquid interface were calculated using
Thermo-calc. The calculations indicated that “TiN”
should start precipitating at 1488°C compared with
1486 °C calculated by the Scheil model (Figure 5).
Furthermore, the site fraction of the first compound
precipitated from the liquid was compared with the
composition calculated with the Scheil model and has
shown good agreement (see Figure 6). From this point
on, however, the calculated segregation using DICTRA
would overestimate reality due to the absence of the
precipitation of carbonitrides and thus is not presented

here.

CONCLUSIONS

The as-cast Nb-Ti-V microalloyed slab contains large
well-ramified precipitates of (Nb,Ti,V)(C,N) with
faceted-dendritic morphology. The most faceted
regions of the dendrites are richer in Ti. V is found
more associated to Ti- rich precipitate than in Nb-rich
particles. Small particles enriched in Nb growing by
epitaxial mechanism, are found attached to laths
precipitates. High symmetric dendrites with four-fold
axis, can also form during casting. These are free of
nitrogen-dendritic carbides. The simulation results with
both the Scheil model and a simple model assuming
diffusion during solidification, are consistent with the
experimental results. In a paper to follow, dissolution

of the dendritic precipitates will be addressed.
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