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Abstract: In this paper, we report the first hydrogenation (activation) of a 1.2Ti-0.8Fe alloy synthesized
by induction melting (9 kg ingot). The alloy presented a three-phase structure composed of a main
TiFe phase, a secondary TipFe phase and a Ti-rich BCC phase. The alloy required cold rolling to
achieve activation at room temperature. However, it did so with good kinetics, reaching saturation
(2.6 wt.% H) in about 6 h. After activation, the phases identified were TiFe, Ti;FeHy and an FCC
phase. The Ti;FeHy and FCC are the stable hydrides formed by the secondary Ti;Fe and BCC phases,
respectively. The stoichiometry of the Ti;FeHy was calculated to be between x = 3.2-4.75. As the
microstructure obtained by an industrial-scale synthesis method (induction melting) may be different
than the one obtained by laboratory-scale method (arc melting), a small 3 g sample of Tij ;Feg g
was synthesized by arc melting. The lab-scale sample activated (2 wt.% H in ~12 h) without the
need for cold rolling. The phases identified for the lab-scale sample matched those found for the
induction-melted sample. The phase fractions differed between the samples; the lab-scale sample
presented a lower abundance and a finer distribution of the secondary phases. This explains the
difference in the kinetics and H capacity. Based on these results it can be concluded that the alloy of
composition, 1.2Ti-0.8Fe, can absorb hydrogen without the need for a heat treatment, and that finer
microstructures have a strong influence on the activation kinetics regardless of the secondary phases’
phase fractions.

Keywords: TiFe; overstoichiometry; activation kinetics; TiyFe; stable hydrides

1. Introduction

TiFe is a hydride-forming alloy with great potential for hydrogen storage applications
due to its low-cost and mild operation conditions (low pressure and ambient tempera-
ture) [1,2]. However, TiFe is highly sensitive to air and forms a passivation layer that
inhibits its activation. Generally, pure TiFe requires an activation heat treatment to improve
its first hydrogenation kinetics. This activation heat treatment requires cycling between a
high temperature and room temperature under high hydrogen pressure [3]. The focus of
TiFe research is the improvement of the first hydrogenation kinetics by different approaches
that will ultimately eliminate the need for an activation heat treatment. For example, the use
of mechanical processing techniques (ball milling, cold rolling, high-pressure torsion) [4-12]
and/or the addition of alloying elements [13-20] have both shown to improve the kinetics.

Several studies have reported the improvement of activation kinetics by alloying TiFe
with Zr [21-24] and Zr-Mn [8,25-27]. These studies report the formation of TiFe, Ti-rich
(BCC/B), TiFep and a TiyFe-like phase. However only TiFe, Ti-rich (BCC/3) and TiFe;
are equilibrium phases. The 3-Ti phase is a high temperature phase which can be present
at room temperature due to the presence of Fe and/or Zr, which are {3 stabilizers [28-30].
Regarding the TiyFe phase, little is known because of its difficulty being synthesized.
According to the Ti-Fe phase diagram, when >50 wt.% of Ti is added, there should be Ti
precipitates. TiyFe was first described by Dong et al. [31] as having the structure type of
TioNi. However, it is currently not mentioned in the ASM Phase Diagram Handbook [32].
Reilly et al. [3] were the first to try to obtain TiFe to study its hydrogen absorption
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capabilities. However, after synthesizing the stoichiometric Ti,Fe (63Ti-37Fe) and annealing
it at 1000 K, their attempt failed, and they were only able to obtain the equilibrium TiFe
and Ti phases.

More recently, Park et al. synthesized a Tij »Fe alloy (60% Ti—40% Fe) by arc-melting [33]
and annealed it at 1470 K, reporting three phases: TiFe (92%), TigFe BCC (Body Centered
Cubic) (5%) and TiyFe (3%). The Ti; ;Fe alloy activated at low pressure and room tem-
perature reached 2.1 wt.% H in 6 h. One conclusion of their work was that the kinetics
improvement was due to the formation of the TiFe and TiyFe(BCC) phases. Other stud-
ies have reported how the TiFe alloy activates as the Ti concentration in the oxide layer
increases during the thermal activation process [34]. The Ti-rich oxide has higher reactivity
with hydrogen, enhancing the decomposition of hydrogen molecules on the surface oxide
of the alloy and, therefore, the hydrogen adsorption kinetics [18,35]. Park et al. studied the
composition of each phase present in the Tij ,Feq alloy (TiFe, TisFepcc, TiFe). Each phase’s
composition was synthesized separately to study each of their oxide layers. However, they
only succeeded in synthesizing single-phased TiFe and TiyFepcc). They claimed that a
higher Ti concentration of surface oxide on the TigFecc) alloy than on the TiFe alloy was
able to trigger and improve the hydrogen absorption kinetics [33].

The effects of substitution and impurities have been studied by DFT calculation. Ciri¢
et al. [36] studied the substitution of iron by nickel and found that the replacement of iron
by nickel increased the hydride cohesive energy. The effect of substitutional impurities on
hydrogen diffusion was evaluated by Bakulin et al. [37]. They found that easier diffusion
came through octahedral sites formed by four Ti atoms and two Fe atoms. Substitution of
Fe by Al, Be, Co, Cr, Cu, Mn and Ni was calculated using DFT by Fadonougbo et al. [38].
Their calculation shows that the logarithm of plateau pressure is linearly correlated to the
monohydride formation energy as predicted by the van’t Hoff plot.

In industrial synthesis, it may be difficult to achieve a “pure’ TiFe alloy by induction
casting. Therefore, understanding how getting out of the stoichiometry will impact the
hydrogenation behavior of the alloy is the purpose of this article, specifically relating to
the over-stoichiometry of titanium to avoid the formation of TiFe;, which is well known
to not absorb hydrogen. In order to be as close as possible to an industrial environment,
the alloy was synthesized in a 9 kg ingot. Additionally, the possibility of using Ti as the
alloying element instead of other, more expensive transition metals or rare earth elements to
improve the activation kinetics is of great interest because this would decrease the alloy cost.
In this paper, we report the activation of an induction-melted TiFe + 20 wt.% Ti (1.2Ti-0.8Fe)
alloy and the phases present before and after hydrogenation. The same composition was
also synthesized by arc melting (3 g pellet) to compare the microstructures of each sample.

2. Materials and Methods

Industrial-grade Fe (1005), and Ti (CP Grade 1) were used to synthesize all samples.
The composition 1.2Ti-0.8Fe was synthesized by induction melting (9 kg ingot) and by
arc melting (3 g pellet) under an argon atmosphere. After synthesis, the samples were
transferred to a glovebox for further manipulation under argon. The pellets and ingot
samples were crushed in a hardened steel mortar and pestle.

The induction-melted samples were mechanically processed in the air using a modified
Durston DRM 130 model (High Wycombe, Buckinghamshire, UK) (5 passes). The crushed
sample was rolled between stainless steel sheets to avoid contamination of the powder by
the rollers.

The hydrogen storage properties were measured using a home-made Sieverts-type
apparatus. The initial hydrogen pressures for kinetic measurements were 20 bars for
absorption and 0.1 bars for desorption. All measurements were taken at room temperature.

The crystallographic analysis was performed via X-ray diffraction—XRD (powder)—
on a Bruker D8 Focus diffractometer (Billerica, MA, USA), and the radiation source was
CuKo. The XRD patterns present a raised background due to the fluorescence generated by
the Fe. The Rietveld refinement method was used to determine the lattice parameters using
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the TOPAS software (V6.0) [39]. Microstructural and chemical analysis were performed
using a scanning electron microscope—SEM (Hitachi SU3500, Tokyo, Japan)—equipped
with an energy-dispersive X-ray spectrometer—EDS (Oxford Maxn50, Abingdon, UK).

3. Results and Discussion

Figure 1a shows the microstructure of the induction-melted 1.2Ti-0.8Fe 9 kg ingot.
Three regions are observed in the micrograph: a bright main region (1-2) and two grey
regions. One grey region (3) consists of rounded areas that are in contact with the bright
region and the dispersed dark-grey region (4). The phase fractions were measured by
image processing. The main bright region accounts for 58% of the micrograph’s area, and
the secondary grey and dark-grey regions for 12 and 30%, respectively. Figure 1b shows a
higher magnification image of the regions analyzed by EDX. The chemical composition of
the overall alloy and each specific region was measured, and the results are presented in
Table 1.

cnmm—

Figure 1. Backscattered electron micrograph of the induction-melted 1.2Ti-0.8Fe alloy (a) low mag-
nification: regions 1, 2, 3 and 4 match the EDX spectrums, and (b) higher magnifications: EDX
point spectrums.

Table 1. EDX analysis of the induction-melted 1.2Ti-0.8Fe alloy (uncertainty is &1 for all values).

Resion Ti Fe

esto wt.% wt.%
Nominal composition N/A 56 44
Overall composition N/A 59 41
Spectra 1 and 2 Bright 49 51
Spectrum 3 Grey 63 37
Spectrum 4 Dark-grey 79 21

The overall composition measurement shows how the measured composition of the
alloy is 1.26Ti-0.74Fe instead of the nominal composition 1.2Ti-0.8Fe. This difference is not
uncommon when working with industrial synthesis methods. Since the difference is small,
we will use the nominal composition in our discussion. The main phase (Spectra 1 and 2)
matches the composition for the intermetallic TiFe. The grey phase (Spectrum 3) presents a
composition close to TiFe, and the dark-grey phase (Spectrum 4) is Ti-rich.

Figure 2 shows the XRD patterns of the 1.2Ti-0.8Fe alloy in the as-cast condition. The
phases identified are TiFe, Ti;Fe and BCC. By correlating the phases identified by EDX,
it can be assumed that the main region, grey region and dark-grey region respectively
correspond to the TiFe, TipFe and BCC phases. Table 2 presents the results from the Rietveld
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refinement performed on the as-cast condition. The abundances of each phase from image
analysis are included for comparison. The phase abundance for the refinement results
is higher than that measured by image analysis. However, it is important to keep in
mind that Rietveld refinement reports the wt.%. If the phase fraction measured by image
analysis is multiplied by the density of each phase (TiFep = 6.6 g/cm?, TiyFep = 5.7 g/cm?,
BCCp (Tigpe,Fexoen) =5.2 g/ cm?), and each result is divided by the sum, the phase fraction
obtained is 63 wt.% TiFe, 11 wt.% Ti;Fe and 26 wt.% BCC. This is an almost exact match to
the Rietveld refinement.
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Figure 2. X-ray diffraction patterns of the induction-melted 1.2Ti-0.8Fe.

Table 2. Rietveld refinement of the as-cast induction-melted 1.2Ti-0.8Fe (the uncertainty on the last
significant digit is given by the number in parentheses).

Phase Fraction Image  Phase Fraction Rietveld  Lattice Parameters “a”

Phase Analysis (area%) Refinement (wt.%) A)

TiFe 58 64 2.9904 (2)
Ti,Fe 12 10 11.328 (1)
BCC 30 26 3.1850 (3)

Figure 3 shows the activation curves of the 1.2Ti-0.8Fe alloy. The as-cast sample did
not activate after over 20 h under 20 bars of hydrogen pressure. The sample that was cold
rolled five times in air (CR5) presented fast activation kinetics reaching ~2.6 wt.% H, with
an incubation period of ~40 min and saturation in ~6 h.

Figure 4 shows the XRD patterns of the CR5 1.2Ti-0.8Fe alloy before and after activation.
The phases identified after cold rolling match those identified in the as-cast condition (TiFe,
TioFe and BCC), with the difference being that the peaks are slightly broader, which is
typical for samples that have undergone mechanical deformation. The phases identified
after activation are TiFe, TipFeHy and FCC (Face Centered Cubic). The hydride phases
TipFeHy and FCC are both stable hydrides formed during activation. It is well known that
the BCC phase hydrides into a dihydride with an FCC structure. Therefore, the source of
the FCC phase can be directly related to the BCC phase in the as-cast alloy. Seeing that
Ti,Ni is the structure type of TiyFe, it will be supposed that the TiFeHy phase has the same
structure type as the hydride of Ti;Ni (Fd-3m, Pearson’s symbol cF96, TiNiHj 5) [40]. The
stable hydrides identified match those previously reported on TiFe-based alloys with Ti
overstoichiometry [26,33].



Hydrogen 2022, 3 383

3.0 3.0
| —=— As-cast
—=—CRS5
2.5 4 2.5
S 2.0 1 2.0
2
2154 1.5
o
®©
o
©
O 1.04 1.0
aE
Incubation
time 40 min
0.5 1 0.5
0.0 1 0.0
T T T T T v T v T T T ' L
0 3 T 10 13 17 20

Time (h)

Figure 3. Activation curve of 1.2Ti-0.8Fe with and without cold rolling.
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Figure 4. X-ray diffraction patterns of the cold-rolled-five-times (CR5) induction-melted 1.2Ti-0.8Fe
alloys before and after activation.

Table 3 shows the crystal structure parameters of the refined TiyFe and TiyFeHy,
respectively, for the CR5 before and after activation. The volume expansion of the TiFe
phase in the CR5’s post-activation condition was determined to be 21%. This expansion
is close to the ones previously reported by Faisal et al. [21]. They reported the hydrogen
storage behavior of a minor (Ti, Zr),-Fe phase present in two alloys by measuring a volume
expansion of 16.4% and 24.4%. The stoichiometry of the Ti;FeHy was determined by the unit
cell volume increase. The volume increase is 305 A3, and since there are 32 formula units
per unit cell, this results in a volume per formula unit of 9.5 A3. Assuming a sole hydrogen
atom typically occupies a volume between 2 and 3 A3, the range of the stoichiometry would
be between TiFeHy 75 (3.09 wt.% H) and Ti,FeHs 5 (2.08 wt.% H).
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Table 3. Crystal structure parameters of the Ti;Fe and Ti;FeHy phases identified in Figure 4 (the
uncertainty on the last significant digit is given by the number in parentheses).

CR5 CR5 Post-Activation
Lattice Unit cell . . Lattice Unit cell . .
Phase parameters (A) volume (A%) Micro strain Phase parameters (A)  Volume (A%) Micro strain
Ti Fe 11.320 (3) 1451 (1) 0.13 (8)% Ti,FeHy 12.064 (5) 1756 (2) 0.44 (1)%

Now, considering the phase fractions obtained by Rietveld refinement in Table 2, the
theoretical composition for TiFe (1.86 wt.% H), FCC (3.7 wt.% H) and the stoichiometry
calculated by the unit cell volume increase for Ti;FeHy, the hydrogen intake contribution
during the activation of each phase can be calculated as follows: 64% of TiFe would
contribute 1.19 wt.% H; the 10% of Ti,FeHy, between 0.2-0.3 wt.% H; and the 26% of BCC,
0.96 wt.% H, for a total of 2.35-2.45 wt.% H. These results are not far off from the 2.6 wt.%
H measured during activation. The effect of the absorption of each phase is not seen in
the activation curve, meaning that in Figure 3, the activation curve is smooth and does not
present any kinks. This points to the system acting as a single phase.

To see the effect of the microstructure, a small 3 g sample of 1.2Ti-0.8Fe was pre-
pared by arc melting. Figure 5 shows a side-by-side comparison of the microstructure
obtained by induction melting (a) and arc melting (b). It is clear from the image analysis
of Figure 5 that the arc-melted sample presents a much finer microstructure with a higher
area abundance for the bright main phase, 77 %, compared to the 58% measured for the
induction-melted sample.

Figure 5. Backscattered electron images of induction-melted (a) and arc-melted (b) 1.2Ti-0.8Fe.

Figure 6 shows the activation curve of the arc-melted sample. It activated without
the need for any heat treatment or mechanical processing, reaching a capacity of 2 wt.%
Hin ~12 h. The ability to activate it without the need for cold rolling is attributed to the
fine microstructure generated by arc-melting. Nevertheless, the presence of the secondary
phases is essential for activation without heat treatment.
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Figure 6. Activation curve of the arc-melted 1.2Ti-0.8Fe.

Figure 7 shows the XRD patterns of the arc-melted 1.2Ti-0.8Fe alloy. The phases
identified are TiFe, TioFe and BCC, match those in the induction-melted condition. The
phase fractions obtained by Rietveld refinement are 80 wt.% TiFe, 4 wt.% TipFe and 16 wt.%
BCC. This shows how lower percentages of the secondary phases can be enough to achieve
activation under mild conditions if the microstructure presents a finer scale. Regarding
the difference in H capacity between the induction-melted sample (2.6 wt.% H) and the
arc-melted sample (2 wt.% H), this is due to the difference in the phase fraction of secondary
phases. However most important is the phase fraction of TiFe, which is the phase that
ultimately provides reversible hydrogenation behavior. Therefore, the reversible capacity
of the induction-melted sample is thought to be 1.19 wt.% H (64% TiFe) and 1.49 wt.% for
the arc-melted sample (80% TiFe).
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Figure 7. X-ray diffraction patterns of the arc-melted 1.2Ti-0.8Fe.
The comparison between the induction-melted ingot and the arc-melted sample clearly

show how a TiFe-based alloy will achieve activation under mild conditions (room tempera-
ture, low pressure) if the TiyFe secondary phases and BCC phases are present. The finer
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distribution of the secondary phases is ultimately more effective in the improvement of the
activation kinetics since no mechanical processing is necessary regardless of the abundance
of secondary phases. Previous studies have shown how the BCC phase presents an oxide
layer with a higher Ti concentration than TiFe; this oxide layer promotes hydrogen dissoci-
ation, improving hydrogen absorption [18,33,35]. Therefore, it can be theorized that a finer
distribution of secondary phases represents a higher surface interphase contact between
secondary phases and the matrix. This interface may be where dissociation takes place.

4. Conclusions

e The synthesis of a 9 kg 1.2Ti-0.8Fe ingot produced by induction casting results in
an alloy that can activate after cold rolling in air without the need for an activation
heat treatment.

e  The phases formed by synthesizing 1.2Ti-0.8Fe match the crystal structures (TiFe, TiyFe
and BCC) of the phases previously reported when alloying TiFe with Zr and Mn.
Similar to the addition of these more expensive alloying elements, the addition of Ti to
TiFe resulted in the improvement of first hydrogenation kinetics.

e  The finer distribution of secondary phases (Ti;Fe and BCC) in a TiFe-based alloy
present a superior activation ability than that of the same composition with a coarse
microstructure. This is thought to be due to the larger surface interphase between the
matrix and the secondary phases.

e  The three-phase system (TiFe, TipFe and BCC) activates as a single-phase system
regardless of the formation of two stable hydrides (TiFeHy and FCC).
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