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We studied the in-situ reduction of Ti oxides by Al as an alternative and cost effective route for the liquid
metallurgical synthesis of low density, high stiffness steels (high modulus steels) containing about 10 vol.%
TiB2. TiO2, TiO1.83 and TiO were inserted via iron tubes into Fe–B melts, with Al either premixed with the oxide
powders or liquid in the melt. Depending on Ti oxide type and location of the redox partner Al, greatly differing
reaction kinetics, slag formation and corresponding microstructures of the high modulus steels were observed.
TiO1.83 and TiO premixed with Al showed the highest TiB2 yield in the cast steel and are thus favourable candi-
dates for the cost effective production of high modulus steels. Based on our findings, a novel synthesis process
is proposed, based on filling wire injection into a continuous casting process, allowing the utilisation of the addi-
tionally formed oxide particles for the further improvement of the property profile of high modulus steels.

© 2016 Elsevier Ltd. All rights reserved.
Keywords:
Steel
Metal-matrix-composites
Liquid metallurgy
Aluminothermic reduction
Density
Young's modulus
1. Introduction

Weight reduction is the key factor to improve the performance of
machines and transportation systems and simultaneously increase
their energy efficiency. As a consequence, structural materials design
mainly aims at increasing the materials' yield (YS) and ultimate tensile
strength (UTS), which allows to decrease the parts' load bearing area
and hence its volume and thusweight. In case of steels, which represent
the most commonly used structural materials, this led to several ultra-
high performance alloys for various applications, f. e. hot-stamping
steels in the automotive industry (UTS N 1.5 GPa [1]), maraging steels
for aerospace application (UTS N 2,5 GPa [2]) and ultra-high strength
pearlitic wires used in tires and cords (UTS N 6,3 GPa [3]). Only in the
last decade, density (ρ) reduction has been considered as design criterion
and lightweight steels have received considerable attention as so-called
3rd generation high strength steels. Primarily aimed for automotive
applications, they allow combining high strength (N1 GPa) and
ultra high ductility (N60%) with a significant reduction of ρ down
to 6.8 g cm−3 [4] which is achieved by adding up to 10 wt.% aluminium
(Al) to manganese-carbon alloyed steels. However, the reduced ρ also
decreases the steels' Young's modulus (E) [5], which – depending on
the loading conditions – can eliminate the weight saving potential.

A promising pathway to overcome this detrimental relationship
between E and ρ is the development of so called high modulus steels
(HMS). In these iron (Fe)-based metal-matrix-composites (MMC), the
property profiles of strong, ductile and tough steel matrices are blended
with stiff and low-density ceramic particles [6]. Compared to other
matrix materials such as Al, Fe is favourable as it exhibits a similar
specific modulus as Al (E/ρ; about 25 GPa g cm−3), offers widely
scalable mechanical properties due to its multitude of equilibrium and
non-equilibriumphase transformations, and lower production costs [7].

Despite this advantageous property profile, though, HMS have been
mainly produced for small components and niche applications [8]. This
is because – as with most MMC materials – the particle size, dispersion
and bonding with the matrix could only be controlled by expensive ex-
situ synthesis procedures such as powder metallurgy or melt injection/
stirring synthesis methods [9,10]. Hence, HMS design utilising titanium
diboride (TiB2) has recently received considerable attention, as TiB2 is
not only a very effective compound for such a purpose (specific modulus
about 125 GPa g cm−3 [11]), but also can be synthesised in-situ from
Fe–Ti–B melts in a pseudo-binary eutectic reaction [12]. Following this,
HMS with about 10 to 20 vol.% TiB2 have been successfully produced
and identified as potential candidates for the next generation of advanced
high strength steels [6]. Currently the main effort lies on improving the
mechanical properties ofHMS, especially their so far unsatisfactoryductil-
ity and toughness, via alloying additions and control of the solidification
kinetics [13].

However, with increasing production volume from small-scale
powdermetallurgy to large-scale liquidmetallurgy, the price of alloying
elements becomes more important. According to experimentally
validated theoretical predictions [14,15] a fraction of at least 15 vol.%
TiB2 (which corresponds to about 7 wt.% of Ti) is needed to achieve a
specific modulus of about 35 GPa g cm−3. Instead of using expensive
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metallic Ti, it thus seems favourable to utilise the possibility to reduce
much more cost-effective Ti oxides by suitable elements such as Al
[16]. The feasibility of such an in-situ synthesis procedure has been
demonstrated by Anal et al. [17], who produced Fe–TiB2 composites
by the aluminothermic reduction of blue dust (mainly Fe2O3), titanium
dioxide (TiO2), boron trioxide (B2O3) and Al powder in a quasi self-
propagating high-temperature synthesis (SHS) setup. The fabricated
composites contained comparatively high TiB2 fractions (about
35 vol.%, as the focus was on wear resistance) and the aluminothermic
reduction only took place under oxygen (O) atmospheres [23].

For volume steel production, however, it appears to be more
favourable to let such reduction processes of Ti oxides take place within
Fe-based melts (prior to the casting, i.e. without O present), into which
the reaction partners are injected by filler wires, which is a common
procedure in steel production [18]. It can be expected, however, that
the kinetics and extent of the reaction – and thus the final composition,
microstructure and properties of such produced HMS – strongly depend
on the chosen parameters such as the type (thermodynamic stability)
and shape (grit size etc.) of the Ti oxide. Furthermore, the formed
oxide particles may not only be disregarded and disposed of as slag's,
but could be regarded as attractive candidates to implement into the
steel and thus further improve the physical properties of novel HMS.
2. Objective

We investigate the reaction kinetics and synthesis products of the
in-situ reduction of titanium oxides by Al within Fe–B based melts,
with the aim of identifying the optimum synthesis procedure for an
alternative, cost effective liquid metallurgical synthesis of Fe–TiB2

based high modulus steels.
Fig. 1. Schematic illustration of the qualitative development of the reaction intensity and
melt temperature for the synthesis of high modulus steels by utilising the aluminothermic
reduction of Ti oxides.
3. Materials and methods

3.1. Synthesis

Synthesis was performed following the consecutive reaction [17]:

FeðlÞ þ BðlÞ þ Alðs;lÞ þ TiOxðsÞ→FeðlÞ þ BðlÞ þ TiðlÞ þ Al2O3ðsÞ→FeðsÞ
þ TiB2ðsÞ þ Al2O3ðsÞ ð1Þ
As a consequence of the coupled reduction of Ti oxides and oxidation

of Al to Al2O3, Ti becomes available for the formation of TiB2 during
solidification. Three types of Ti oxides, i.e. TiO2, TiO and TiO1.83 (non-
stoichiometric Ti dioxide; a pre-production step of TiO2), were injected
into the Fe–Bmelts. The oxidising element Al was either premixedwith
the Ti oxides or molten together with the Fe–B melt, resulting in six Ti
oxide/Al combinations. For all experiments the amounts of Fe, B and Ti
(within the Ti oxides) were calculated to obtain 10 vol.% TiB2 after the
reaction is complete, i.e. in the cast ingot. Thereto Alwas added stoichio-
metrically to consume all oxygen (O) released from the reduced Ti
oxides, resulting in slightly different melt volumes and respective TiB2
fractions (9.4 vol.% TiB2 for experiments with TiO2; 9.5 with TiO1.83:,
9.7 with TiO).

Syntheses were performed by melting ~600 g charges of Fe–B and
Fe–B–Al, respectively, in sintered Al2O3 crucibles in a vacuum induction
furnace (16 kW heating power, 10 kHz, 800 mbar argon (Ar) atmo-
sphere). The Ti oxides and pre-mixtures of Ti oxides with Al were
inserted as powders (grain size 40 μm–90 μm) in Fe-tubes (internal
diameter 17mm, wall thickness 0.3 mm). The pre-mixtures of Ti oxides
with Al (99.7% purity; grain size 32 μm–100 μm) were obtained by ball
milling (3 times for 2 min at 400 rpm in a Fritsch pulverisette 7 premium
under Ar atmosphere, using 8 stainless steel balls of 10 mm diameter).
After insertion of the powder-filled tubes, the melt was held for 5 min
and then cast into water cooled coppermoulds with an internal diameter
of 20 mm.
3.2. Characterisation

Samples for microstructural and chemical analysis were taken from
the top of the cast ingot. Metallographic preparation was performed by
standard grinding and polishing techniques. Phase identification was
performed on non-etched samples, via electron backscatter diffraction
analysis (EBSD; OIM software v.7; 0.1 μm step size), by scanning
electron microscopy (SEM; Jeol JSM 6500F) and X-ray diffraction (XRD;
Philips PW1830, cobald radiation, proportional detector PW1711). For
XRD analysis the material was crushed and sieved to a grain size
b90 μm. Phase quantification could be not solely conducted by EBSD
due to the widely differing morphology, sizes and hardness (inducing
surface reliefs and shadowing effects) of the different constituents. Thus
only the ferrite was quantified by EBSD, while the TiB2 fractions were de-
termined by image analysis software (imageJ 1.46r) on SEMmicrographs
in backscattered electron contrast (BSE) of samples etched in 1% Nital
solution. The only remaining phase in the cast ingot Fe2Bwas determined
by subtracting the fractions of TiB2 from those of ferrite, respectively.
Mass density measurements were performed on machined chippings
under protective atmosphere in a gas pycnometer (Micromeritics
Accupyc 1330). E values were measured by a Grindosonic MK5
“Industrial” excitation system (flexural vibration resonance) on cylindri-
cal specimens (6 mm diameter, 40 mm long).

Residues left in the crucible after melting were analysed by wet
chemical analysis and XRD. The residues were removed from the cruci-
ble, crushed to coarse powder for chemical analysis and fine powder
(sieved to particles b90 μm) for XRD analysis as the cast material.

4. Results

4.1. Reactions during synthesis

Fig. 1 shows a schematic sketch of the general progression of
reaction intensity and the temperature change during the casting
experiments which were assessed visually. In general, reaction
characteristics after tube insertion seemed not to alter greatly, but
reaction starting time and intensity varied strongly for the different
Ti oxides/Al combinations. After tube-insertion a slight decrease of
the melt temperature followed by a minor temperature increase
linked to a minor reaction could be observed. This was followed by a
moderate delay time (N60 s) with a slight melt temperature increase.
The subsequent strong exothermic reaction was connected to a major
melt temperature increase. After subsiding reaction the melting tem-
perature decreased slightly.

Experiments with TiO2 and TiO1.83 combined with Al in the melt
were typically coupled to formation of strong smoke during reaction.
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Compact low density reaction products quickly floated to the melt
surface or got stirred to the crucible walls, leaving only a thin reaction
layer on the melt surface. For corresponding experiments with TiO no
reaction was visually noticeable. Experiments with premixed Al and
Ti-oxides showed slightly stronger reactions, without any formation of
smoke. The highest melting temperature was noticed in case of TiO
premixed with Al. The low density reaction products appeared to have
coarser and less compact appearance than those formed in experiments
with pre-molten Al. The reaction procedures do not allow the distinc-
tion of a clear trend for the influence of Al location on the reaction
kinetics.

4.2. Chemical analysis of the reaction products

The chemical compositions of the cast ingots are plotted in Fig. 2.
Experiments performedwith Al in themelt are plotted in Fig. 2a,where-
as experiments with premixed Al are plotted in Fig. 2b. The calculated
nominal composition is represented by the left columns and the actual
composition by the right columns. Ti is shown in white, B in light grey,
Al in dark grey and O in black. The different Ti/O ratios of the three Ti
oxides result in slightly varying Al2O3 contents for the pre-calculated
ingots. Furthermore it should be noted that the given values in at.%
are based on a different mass balance, as the calculated compositions
do not consider losses, such as crucible residues as well as vapour and
fume losses observed during the experiment.

The actual compositions of the cast ingots for experiments per-
formed with Al in the melt differ substantially from the target values
(Fig. 2a). The Ti concentrations decrease from TiO2 towards TiO, where-
as B follows a contrary trend. The corresponding Al concentrations are
in case of TiO2 and TiO1.83 roughly around 2.5 at.%, whereas TiO contains
with 0.3 at.% Al amuch lesser content. The experiments performedwith
premixed Al (Fig. 2b) show a slightly increasing trend of Ti concentra-
tions from TiO2 to TiO up to 3.8 at.% and a contrary trend for the B
concentrations. The B concentrations of both Al locations are in the
same order of magnitude with about 9.0–9.7 at.%, only with TiO and Al
in the melt slightly higher values are reached (10.9 at.%). In all cases
the corresponding amounts of Ti do not reach the stoichiometric values
required to completely consume all B by the formation of TiB2. Al
Fig. 2. Chemical composition of the cast ingots (at.%, Fe as balance) for experiments
performed with Al in the melt (a) and for Al premixed with the Ti oxides (b). Calculated
amounts are shown in the left columns, actual values determined by wet chemical
analysis in the right columns, respectively.
concentrations measured in the cast ingot do not alter greatly from
TiO2 to TiO, but slightly increase from 0.3 to 0.5 at.%. It is noticeable
that the cast ingot Al concentrations in Fig. 2a of TiO2 (2.0 at.%) and TiO
(2.7 at.%) are much higher than those found in all other experiments.

For both Al locations (pre-mixed and in the melt) only traces of O
(below 0.1 at.%) could be verified in the cast ingots (Fig. 2). In order to
clarify the reasons for the absence, analyses of the crucible residues
(photographs in Fig. 3) were performed by XRD (Fig. 4). The major
constituent is Al2O3 (red), accompanied by varying amounts of Ti2O3

(green), Fe2TiO5 (blue), and small traces of various Fe and Ti compounds
(grey). The residues formed in experiments with Al in the melt were
compact and sticking to the crucible walls (Fig. 3a, b). The residue for
TiO was mainly of metallic nature (Fig. 3c) and no XRD analysis could
be performed, as it could not be separated from the Al2O3 crucible.
Experiments performed with premixed Al led in general to coarser,
frothy residues (Fig. 3e, f) and in case of TiO2 to sintered pillars, which
in shape and size resemble the original oxide/Al powder column
inserted in the melt. Not considered here and most probably negligible
is the possible evaporation of alloying elements during the compara-
tively long holding times.

4.3. Microstructure of the as-cast ingots

Phase identification is exemplified on a cast ingot sample obtained
from the experiment performed with TiO1.83 premixed with Al. As can
be seen on the colour-coded EBSD phase map with image quality data
superimposed in grey scale (Fig. 5), small polygonal particles of TiB2

(green) and clusters of Fe2B (blue) are randomly distributed throughout
the ferritic Fe (red) matrix. As Fe2B most probably stems from a ternary
eutectic reaction (Liquid→ γ Fe + Fe2B + TiB2), small amounts of TiB2
can be found within the networks of Fe2B. XRD measurements (not
shown) confirmed these findings and additionally identified trace
amounts of Al2O3 and Ti-oxides (below about 2 vol.%).

The differentmicrostructures obtained from the six Ti oxide/Al com-
binations are shown in direct comparison in the SEM BSE micrographs
of Fig. 6. TiB2 appears in black and Fe2B in bright grey. Al2O3 could not
be located by SEM investigations. Microstructures formed at experi-
ments with Al in the melt Fig. 6(a–c) seem to have a decreasing TiB2
particle content fromTiO2 to TiO. In case of TiO only few small individual
TiB2 particles are found. The morphology of TiB2 particles varies from
hexagonal shape to round or elongated particulates. The particles
formed with TiO2 and TiO1.83 are typically bigger (bØ 5 μm) than
those formed with TiO. By contrast, microstructures formed in
experiments with premixed Al, as shown in Fig. 6(d–f), seem to
have an increasing TiB2 particle content from TiO2 to TiO. The TiB2

particles in Fig. 6d are more angular shaped than the more spiky/plate
like TiB2 morphology observed in Fig. 6e and f. No clear statement
about the Fe2B development can be given due to the strongly deformed
matrix and different etching effect.

Phase quantification results of the six experiments are shown in
Fig. 7. Calculated amounts of TiB2 are shown in black squares, measured
contents of TiB2 and Fe2B in half-filled squares and black triangles,
respectively, while the average density values are plotted as empty
circles. For experiments performed with Al in the melt (Fig. 7a), the
highest TiB2 content (~3.8 vol.%) was found for the experiment
performedwith TiO1.83. By contrast, the TiB2 content in the experiments
performed with TiO was only ~0.6 vol.%. The Fe2B phase shows an
increasing trend from ~12 vol.% up to ~20 vol.% from TiO2 to TiO. The
highest mass density was found for experiments with TiO1.83

(7.63 g cm−3), while experiments using TiO (7.59 g cm−3) and TiO2

(7.50 g cm−3) are less dense. The TiB2 content in the cast ingot of exper-
iments performedwith premixed Al (Fig. 7b) increases from TiO2 to TiO
(4.5 to 7.5 vol.%). Correspondingly the Fe2B content decreases from TiO2

to TiO as well as the mass density. In both Fig. 7a and b the actual TiB2
content is lower than the target content. The actual TiB2 contents in
Fig. 7a are lower than those in Fig. 7b.



Fig. 3.Photographs of residues left in the crucibles after casting from the different experiments, varying fromapparently ceramic content stuck to the cruciblewalls (a, b), to sinteredpillars
(d), mostly metallic residue (c) and frothy structures (e, f).
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5. Discussion

Fe–TiB2 based high modulus steels could be successfully produced
by utilising the aluminothermic reduction of Ti oxides in Fe–B melts.
The observed extent of the TiB2 formation, however, varied strongly
between the six different Ti oxide/Al combinations studied (Figs. 6
and 7). The first of the two consecutive reactions of eq. 1, i.e. the reduc-
tion of Ti oxide by the formation of Al2O3 (solid in the melt due to its
high melting point [19]), can be regarded as the most critical step in
the synthesis procedure: once sufficient metallic Ti is available in the
melt, the desired compoundTiB2 forms subsequently during solidification
[13,20,21]. The standard free energy change, i.e. the thermodynamic
driving force, associated with the first reaction step (for 1800 K, based
on literature data and equations from [22]) yielded values of about
−115 kJ per mol TiO2 and about −10 kJ per mol TiO, respectively. For
TiO1.83 no according literature data was available, but as deviations from
the stoichiometric composition generally lower the thermodynamic
Fig. 4. Colour coded pie charts derived fromXRDmeasurements of the residues in the crucibles
in blue and traces of Fe, Fe2Ti, TiB2 and FeO are shown in light grey. Themainlymetallic residue f
XRD (strong adhesion to the crucible). (For interpretation of the references to colour in this fig
stability of TiO2 [23], it is reasonable to assume that the respective
standard free energy change for reactions with TiO1.83 lies between that
of values for TiO2 and TiO. However, the assumption that a higher driving
force alone (here TiO2 N TiO1.83 N TiO) facilitates the reduction of the Ti
oxides, and thus directly translates into higher fractions of TiB2 in the
cast material, holds only vaguely true for experiments in which the Al
was present in the melt, while with premixed Al even the opposite
trend can be observed (Fig. 7). Incomplete reduction of the Ti oxides
can take place as (i) transformation to Ti and O but only of a part of the
Ti oxide, and/or (ii) transformation into metastable oxides such as Ti2O3

or Fe2TiO5 as found in the ceramic residues (Fig. 4). The formation of
the latter, though, could also be affected by reactions of the melt with
the furnace atmosphere (possible presence of small O quantities in the
large VIM furnace) during casting.

Together with the uncertainty of the literature data for the afore-
mentioned calculation of thedriving forces, this highlights the relevance
of additional factors as e.g. inhibition layers on the injected powders
after casting from the different experiments. Al2O3 is plotted in red, Ti2O3 in green, Fe2TiO5

rom experiments performedwith TiO andAl in themelt could not be reliably analysedwith
ure legend, the reader is referred to the web version of this article.)



Fig. 5. EBSD phase map with image quality superimposed in grey scale of the cast ingot
after inserting TiO1.83 premixed with Al into an Fe–B melt, with Fe α in red, TiB2 in
green and the Fe2B in blue. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 7. Overview of the particle contents and density of the cast ingots for experiments
performed with Al in the melt (a) and for Al premixed with the Ti oxides (b).

361C. Baron et al. / Materials and Design 97 (2016) 357–363
(such as hydride shells around the Ti oxides or pre-oxidation of Al),
which can have a significant influence on the activation energy and
kinetics of the aluminothermic reaction. The initial cooling effect
(before the exothermic aluminothermic reaction begins, Fig. 1) induced
by the insertion of the tube could be further minimised by reducing
their size down to filler wires (i.e. increasing the ratio between melt/
tube volume), as a highmelt temperature represents another beneficial
factor for the activation energy and reaction kinetics. Another
influencing factor which needs to be considered in future experiments
is the superheating of the melt as a consequence of the exothermic
aluminothermic reaction, as the melt temperature will also alter the
cooling rate of the cast ingot and thus its resultant microstructure.

As all these factors are difficult to assess and control, the best setup
regarding the type of Ti oxide and location of the Al needs to be carefully
optimised for the actual process conditions (e.g. melt temperature,
holding times, filler wire thickness, powder grit sizes, milling parameters
Fig. 6. SEM images (backscatter electron contrast) showing the m
etc.). In our experimental setup TiO yielded in the highest TiB2 fraction
when premixedwith Al, but the lowest onewhen Al was already present
in the melt. TiO2 and TiO1.83, on the other hand, were equally effective
irrespective of theAl location. As TiO1.83 yielded slightly higher TiB2 values
and is themost cost effective of the used oxide compounds it comes out as
the best choice among all studied Ti-oxides when aiming at a robust
synthesis of HMS via in-situ reduction processes. The premixing of Al
with the Ti oxides is an additional effort, but appears to have a positive
effect in general, as respective experiments led to higher TiB2 fractions
(Figs. 6 and 7) and shorter delay times after tube insertion (Fig. 1). How-
ever, opposed to experiments with Al in themelt, here the oxides did not
form a loose floating slag, but rather an agglomerated, skeleton-like grid
(best observed in the case of TiO2, Fig. 3d), similar to phenomena
observed by Sarangi et al. [24]. Such agglomerates – formed as a result
of the premixing and compaction of Al powder in the tube – are not
only unfavourable as they could get carried into the cast ingot, but also
because they can trap TiB2 in the crucible (Figs. 3 and 4) when hyper-
eutectic Ti(–B) concentrations are reached in the agglomerate and TiB2
is thus already locally stable in the melt.

As a consequence of these phenomena the targeted TiB2 concentra-
tions could not be fully reached. Incomplete reduction of the Ti-oxides
lowers the Ti content of the melt, and consequently, when most Ti is
consumed by the formation of TiB2, the excess B leads to the formation
icrostructures of the cast ingots for the different experiments.



Fig. 8. Engineering stress/strain curve, SEM micrograph and physical properties of a high
modulus steel obtained from inserting TiO1.83 premixed with Al into an Fe–B melt after
additional hot swaging of the cast ingot at 1100 °C.
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of Fe2B according to the Fe–B phase diagram [20,21,25–29] in a ternary
eutectic reaction, thus possibly containing traces of TiB2 [30]. With a
specific modulus of about 41 GPa g cm−3 [27,31] Fe2B is not as effective
in improving the physical properties of HMS as TiB2. On the other hand,
the Fe2B networks decorating the grain boundaries of the cast ingot
(Figs. 5 and 6) can be spherodized, broken-up, and homogeneously
dispersed by thermomechanical processing [21,26,32], improving the
mechanical properties. This is demonstrated on a HMS (formed by
reduction of TiO premixed with Al) after hot swaging at 1100 °C
(Fig. 8), which exhibits a favourable microstructure and thus a striking
balance between mechanical (tensile strength and ductility) and phys-
ical properties (E and ρ).

The physical properties of HMS could be further improved by the
implementation of the formed oxides (specific modulus of Al2O3 about
Fig. 9. Schematic sketches of possible synthesis and casting procedures for high modulus stee
experiments (a) the (Al-) oxide particles formed after insertion of the Ti oxide (step 1) quick
the crucible (step 4). In a continuous setup (b) the Ti oxides can be inserted directly ahead
suppresses floatation of the low-density (Al-) oxide particles, ensuring their homogeneous di
modulus steels.
102 GPa g cm−3 [27,33,34]). In a conventional discontinuous industrial
block casting process though, which our experimental setup resembles,
the formed oxides float to the top of the melt after reduction of the Ti
oxides in the pan, and were thus removed with the slags before further
processing (Fig. 9a). However, if the reduction zone can be placed
directly ahead of the solidification front of a continuous casting process,
the floatation of the formed oxidesmay be suppressed (if the velocity of
the melt flow and the solidification is high enough) they could thus be
incorporated in a HMS (Fig. 9b). The design of such a process is the
subject of future work. In order to overcome the difficult wetting of
Al2O3 by Fe [35–39], other reduction partners for Ti oxides such as
yttrium or zirconium could be utilised instead. Additional reduction of
B oxides [17] to further reduce production costs is feasible, but as it
would greatly increase the amount of oxides, it appears favourable to
perform this in an additional step and not in parallel with the reduction
of Ti oxides.

6. Summary and conclusions

We studied an alternative and cost-effective route for the liquid
metallurgy synthesis of Fe–TiB2 high modulus steels. By utilising the
aluminothermic reduction of Ti oxides instead of alloying costlymetallic
Ti, stiff and low density steels with about 10 vol.% TiB2 were produced.
TiO2, TiO1.83 and TiO were injected into Fe–B melts. The reduction
partner Al was either premixed with the Ti oxide powders or added to
the melt prior to the Ti oxide insertion. Reaction kinetics, formation of
slags and cast microstructures of the high modulus steels varied greatly
depending on the type of Ti oxide type and location of Al. The following
conclusions can be drawn:

(1) The TiB2 content formed in the cast HMS appears to depend
mainly on the activation energy and reaction kinetics rather than on
the respective driving force of the aluminothermic reduction of the
ls by utilising the in-situ reduction of Ti oxides: In a discontinuous setup as used for our
ly float to the top of the melt forming a slag (step 2) and after casting (step 3) remain in
of the solidification front. Thus the continuous flow of the base melt into the tundish
stribution, and making them available for further improving the property profile of high
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different Ti oxides. Influencing factors on the latter are, amongst others,
the melt temperature, the undercooling induced by tube insertion (and
thus by the tube/melt dimensions) and the powder grain size and
surface conditions, which need to be carefully adapted and controlled
for the respective synthesis process.

(2) The slags formed as a consequence of the aluminothermic
reduction consisted mainly of Al2O3, together with Ti2O3 and traces of
Fe, Fe2Ti, TiB2 and FeO, with varying fractions depending on the type
of Ti oxide and Al location. With Al already present in the melt the
slags floated and agglomerated at the crucible walls, while with
premixed Al they formed more compact aggregates, which acted as
traps for TiB2.

(3) While premixingAlwith the Ti oxides represents and addition-
al processing step, respective experiments consistently yielded larger
TiB2 fractions than those where Al was present in themelt. TiO resulted
in the highest TiB2 content when it was premixed with Al (7.5 vol.%,
close to the targeted fraction of 9.7 vol.%), but the lowest (0.6 vol.%)
with Al in the melt. Both TiO2 and TiO1.83 showed to be less susceptible
to the Al location. In view of the slightly higher TiB2 values and even
lower priceTiO1.83 can be regarded as the most suitable Ti oxide.

(4) Incomplete reduction of the Ti oxides consequently led to
excess B concentration in the melt and thus to the pronounced forma-
tion of Fe2B in the cast HMS. While it is not as effective as TiB2, it can
be evenly dispersed in the HMS matrix via thermomechanical
treatments. Hot swaging at 1100 °C of a HMS produced by injecting
TiO premixed with Al led to about 550 MPa ultimate tensile strength
and 20% ductility, at a density of 7.49 g cm−3 and a Young's modulus
of 235 GPa.

(5) Only traces of Al2O3 were found in the cast HMS due to the
floatation and agglomeration of the slags in our discontinuous melting
and casting setup. Future work is concernedwith utilising such reaction
products to improve the property profile of HMS, which requires the
development of a continuous casting process with filler wire injection
close to the solidification front. For that purpose, other redox partners
as Al may be chosen to influence the melt/oxide interaction.
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