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Abstract
Raney-type Ni precursor alloys containing 75 at.% Al and doped with 0, 0.75, 1.5
and 3.0 at.% Ti have been produced by a gas atomization process. The resulting
powders have been classified by size fraction with subsequent investigation by
powder XRD, SEM and EDX analysis. The undoped powders contain, as
expected, the phases Ni,Als, NiAl; and an Al-eutectic. The Ti-doped powders
contain an additional phase with the TiAl; DO,, crystal structure. However,
quantitative analysis of the XRD results indicate a far greater fraction of the TiAls
phase is present than could be accounted for by a simple mass balance on Ti. This
appears to be a (TixNi;x)Als phase in which higher cooling rates favour small x
(low Ti-site occupancy by Ti atoms). SEM and EDX analysis reveal that virtually
all the available Ti is contained within the TiAls phase, with negligible Ti
dissolved in either the NiAl; or NiAl; phases.

Keywords: A. intermetallics (aluminides, silicides); C. rapid solidification;
G. catalysis

1 Introduction

Skeletal, or sponge metal, catalysts have found wide application in a range of hydrogenation
and dehydrogenation reactions [1], as well as in hydrogenolysis [2] and hydrolysis reactions
[3]. Of these skeletal metal catalysts, Raney-type Ni [4] is by far the most common. Raney Ni
catalysts are traditionally produced by casting ingots of a 50-50 wt.% mixture of Ni and Al
(which due to the large atomic mass difference is Al-31.5 at.% Ni) that are subsequently
crushed into coarse powders so that the catalyst can be activated.

A number of studies [5] have shown that the main phases present in the precursor Ni-Al alloy
are the intermetallics NiyAl; (D5;3 crystal structure, P3m1 space group) and NiAl; (DOy;
crystal structure, Pnma space group), together with an Al-NiAljs eutectic. This is broadly in
agreement with the binary phase diagram. For Ni concentrations > 26 at.%, primary
solidification is to the NiAl phase, which subsequently transforms to NiyAl; via the peritectic
reaction NiAl + L — NipAl;. As NiAl is rarely observed in the as-solidified structure of
Raney-type precursor alloys it is generally assumed this reaction is rapid and proceeds easily
to completion [5]. In contrast, below 26 at.% Ni, NiyAl; is the primary solidification phase.
Upon further cooling below 1127 K a second peritectic reaction occurs, wherein NiAls is
converted to NiAls. Unlike the NiAl + L — Ni,Al; peritectic, the retention of significant
fractions of NiyAl; in the as-solidified precursor alloys indicates that this peritectic is not



easily able to go to completion. Solidification ends at 912 K with the formation of an Al-
NiAl; eutectic.

Activation of the catalyst is generally by leaching in a concentrated solution of alkali metal
hydroxide [6]. During this process virtually all of the Al is removed from the NiAl; phase to
leave a nano-crystalline Ni structure which is the active catalyst [5, 7]. Ni,Als is less easily
leached than NiAls, often retaining its original dendritic structure during leaching. This
subsequently acts to support the active nano-crystalline Ni phase produced by leaching of the
NiAl; [8]. In this respect the formation of the NiAls via a peritectic conversion of NiyAlj is
highly advantageous as this forms a shell of NiAl; around the dendritic core of the Ni,Als
phase. The Al-NiAls eutectic, being largely Al by volume, is almost entirely lost during
leaching, producing a microporous network of channels by which both the leaching agent can
enter the precursor particles, and subsequently by which the chemical reagents can enter the
activated catalyst.

Various attempts have been made to improve the performance of Raney-type Ni catalysts by
employing novel processing routes, in particular rapid solidification processing of the
precursor alloy. A number of studies have shown that melt spun ribbons [9, 10] could lead to
a catalyst with higher activity and could allow the possibility of utilising higher Al
concentrations, something that proves difficult via the cast-crush route due to the extreme
friability of the resulting catalyst [8]. In recent years there has been an upsurge in interest in
gas atomized Raney-type Ni precursors [11-14], with Al concentrations in the range 68.5-
82.5 at.% being investigated. Gas atomization would be expected to give cooling rates of the
order 10°-10° K's™' (see e.g. [15] and references therein) with catalytic activities in the
subsequently activated catalyst more than twice that of conventional Raney-type Ni being
reported [13].

An alternative route to increasing the activity of Raney-type catalysts is by doping the Ni-Al
precursor alloy with a small quantity of a third metal, sometimes referred to as a promoter.
The most common dopants added to Raney-type Ni catalysts are Cr, Mo and Fe [1], although
research has been conducted on the use of many other dopants such as Cu, La, Ti [16] and Co
[1]. Dopants are typically added to the precursor alloy in small amounts, normally 1-3 at.% [1]
with the type of dopant added being dependent on the reaction to be catalysed.

Previous research on the use of promoters for hydrogenation reactions has focussed on the
use of Cu, Cr, Mo, Fe and Co for the hydrogenation of acetone, butyronitrile and sodium p-
nitrophenolate [1]. Molybdenum was found to increase the catalytic activity by the greatest
amount for the hydrogenation of acetone and butyronitrile, whereas for the hydrogenation of
sodium p-nitrophenolate the activity was increased by approximately the same amount for all
dopants [1]. Although the efficiency of various dopants is known for many different reactions,
the mechanism that leads to the promoting effect at the catalyst surface is still uncertain.

The use of titanium as a dopant has not been the subject of much research for hydrogenation
reactions, although it is known that the addition of Ti to Raney-type nickel increases catalytic
activity for fuel cell [17] and hydrogen production [18] applications. This is because the
presence of Ti significantly increases the rate of anodic hydrogen conversion [17]. The
polarisation resistance of the electrodes is at least halved by the addition of small amounts of
Ti, with the decrease in polarisation resistance corresponding to an increase in catalytic
activity. However, above 2 wt.% Ti the catalytic activity tends to decrease again due to the
greater extent of the oxide layer formed on the catalyst [17].



Mund et al. [17] found that Ti can substitute for Ni in both the Ni,Al; and NiAl; phases,
although the formation of the additional phase TiAl; has also been observed [19]. Based on a
study of melt spun ribbons of Ti-doped Raney Ni, Gros et al. [20] reported the formation of
dendritic morphologies in the as-solidified material, these structures being similar to those
observed in undoped Raney-type Ni. However, Gros et al. suggested that there may be
evidence for the Ni,Als dendrite cores being larger due to the stabilising effect the titanium
addition has on this phase. They argue that this stabilising effect is dependent upon the
solubility of Ti in the Ni,Al; phase, a high solubility creating an alloy with greater similarity
to the un-doped alloy [20].

A comparison of the structure of the un-doped catalyst to that of the Ti-doped catalyst has
shown that there is very little difference in the catalysts structure after leaching [19]. It has
been found that some Ti may be leached in the activation process, whilst the majority
segregates to the surface where it undergoes oxidation to form a layer at the surface of the
catalyst [21]. Although, in the precursor alloy titanium is only present at low concentrations,
its concentration at the catalyst surface increases up to ten-fold after leaching [22].

In this paper we investigate the microstructure, phase composition and Ti-distribution within
gas atomized powders of Raney-type Ni precursor alloys that have been doped with
0.75-3.0 at.% Ti. A 75 at.% Al alloy has been selected for the study as previous work [23]
has revealed that this is close to the optimum concentration for catalytic activity in gas
atomized Raney-type catalysts.

2 Experimental Procedure

Raney-type alloy precursor powders were manufactured via a close coupled gas atomisation
route. The atomizer design was similar to the USAG [24] and Ames HPGA-I [25] designs,
with 18 cylindrical jets of 0.5 mm diameter surrounding a central melt ejection nozzle at an
apex angle of 45°. The nozzle had a flat tip 5 mm in diameter with a central 2 mm diameter
bore through which the liquid metal was delivered. Argon at a pressure of 3.5 MPa was used
as the atomizing gas, wherein the average mass flow rate of gas was 0.049 kg s™. To ensure
an uninterrupted flow of liquid metal a superheat of 200 K was applied to the melt with the
melt tundish being pressurised with Ar gas to 40 kPa. Following cooling and collection of the
powder a sieving process was used to separate the powder into six size fractions, these being
212 - 150 pm, 150 - 106 um, 106 - 75 pum, 75 - 53 pm, 53 - 38 um and < 38 pm. As particle
size is the main determinant of cooling rate these span a range of cooling rates from
approximately 250 K s™ to 12,000 K s [15].

In this study, four alloys have been investigated, an undoped Al-25 at.%Ni alloy, and three
variants of this alloy, containing Ti doping at levels of 0.75, 1.5 and 3 at.%. In all cases the Ti
was substituted for Ni, thereby maintaining a 75 at.%Al composition. Two of the available
six sieve fractions were selected for detailed investigation, these being 150 - 106 um and
53 - 38 um, corresponding to samples at intermediate and at relatively high cooling rates
(500 K s™ and 5,000 K s™' respectively). X-Ray Diffraction (XRD) was used to identify and
quantify the various phases present, while Scanning Electron Microscopy (SEM) with an
Energy Dispersive X-Ray (EDX) analysis facility was employed for microstructural
characterisation and to determine the location of the Ti.



Initial assessment of the phases likely in the Ti-doped system was undertaken by CALPHAD
modelling using the software package MTDATA [26]. Data for the Al-Ni-Ti ternary system
was obtained from version 5.0 of the SGTE solutions database, with MTDATA being used to
generate isothermal ternary phase-diagrams and to conduct Scheil-type simulations of the
solidification pathway.

For the XRD measurements, two methods of sample mounting were employed. Firstly, all
four of the alloys in both of the size fractions were measured by loading the powder onto a
low-background silicon single crystal sample holder. Secondly, the two 1.5 at.% Ti samples
were mounted in Buehler transoptic resin then ground and polished to a 1 um surface finish
prior to measurement. The second approach was employed as it is known that XRD
measurements are weighted in favour of the surface of the particle due to attenuation of the
X-rays as they pass through the material. Therefore, by mounting, grinding and polishing it is
possible to obtain measurements characteristic of the entire cross section of the particles,
thereby checking for any surface effects. However, the second method also has drawbacks in
that the quantity of material measured is less, leading to poorer statistics, and the mount
material produces a strong amorphous background count. Hence, the two techniques are
complementary to each other.

In all cases XRD measurements were performed on a Philips XPert diffractometer using Cu-
K, radiation. Crystallographic and quantitative phase fraction information was extracted from
the resulting diffraction patterns by Rietveld refinement, using the General Structure Analysis
Software (GSAS) package [27] and associated EXPGUI [28] graphical user interface.

For SEM and EDX analysis particles were mounted in Buehler transoptic resin, ground,
polished to a 1 pm surface finish and coated with a thin conductive layer of carbon. The
samples were then inspected using a Carl Zeiss EVO MAI15 microscope, fitted with an
Oxford Instruments EDX system.

3 Experimental Results

CALPHAD Modelling

Two ternary isothermal sections for the AI-Ni-Ti system at temperatures of 1200 K and 1000
K are shown in Figure 1. For low Ti-concentrations, as used in this study, a fourth phase,
TiAl; with the DOy, crystal structure, is added to the Ni,Als, NiAls and Al-Eutectic that
would be expected in the binary system, with the TiAl; co-forming with both the Ni,Al; and
NiAlj; phases. In the Al-Ti binary system the TiAl; phase is a stoichiometric (line) compound.
The solidification sequence for the Ti-doped alloys has been studied by performing Scheil
calculations. Taking the 3 at.% Ti alloy as an example, solidification would begin with the
growth of Ni,Al; just below the liquidus temperature of 1285 K, this being almost 100 K
below the liquidus for the undoped alloy. Below 1188 K concurrent growth of NiyAl; and
TiAlj is predicted, with this continuing until the Ni,Al; + L — NiAlj peritectic is encountered
at 1118 K, some 5 K below the peritectic temperature for the binary Al-Ni system. Below the
peritectic temperature concurrent growth of NiAls and TiAl; continues until the eutectic
temperature is encountered, wherein the normal Al-NiAlj; eutectic is formed. Solidification is
complete at 915 K, which is similar to the binary alloy. Qualitatively similar results are found
for the lower Ti compositions studied, the main difference being that the stability field for the
concurrent growth of the Ni,Als and TiAl; phases shrinks as the Ti concentration is reduced
(by 42 K for the 1.5 at.% Ti alloy) and is absent for the 0.75 at.% Ti alloy.
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Figure 1 — Al-rich corner of the Al-Ni-Ti ternary phase diagram at T = 1200 K and at
T =1000 K.

XRD measurements

Analysis of the XRD patterns obtained from the undoped Al-25 at.%Ni alloy indicates that,
as expected it is composed of three phases, NiAl;, NiAls, and Al-Eutectic. Figure 2 shows
the experimentally determined XRD pattern and the Rietveld fitting for the 53 - 38 um sieve
fraction. However, for the Ti-doped alloys, irrespective of the doping level, the XRD patterns
are found to contain additional peaks. These can be completely accounted for by the inclusion
within the Rietveld model of a single additional phase with the tetragonal TiAl; structure
(space group I4/mmm, International Symmetry Tables number 139), as predicted by the
CALPHAD simulations. Figures 3 and 4 show examples of the experimental data and the
Rietveld fit for the 53 - 38 um sieve fraction of the 1.5 at.% Ti alloy, with Figure 4 being for
the mounted, ground and polished sample, wherein the strong amorphous background from
the mounting compound is also evident.

Data for the weight fractions of the various phases, as determined from the Rietveld analysis,
are given in Table 1. From this data it may be seen that the addition of the Ti dopant
promotes the formation of a phase with the TiAlj; structure at the expense of the formation of
the Ni Al; phase and the Al-Eutectic. The bottom two rows in the Table give the data for the
measurements on the mounted, ground and polished samples, wherein it can be seen that
comparable results are obtained between the two sample mounting techniques and that it is
therefore unlikely there are significant difference between the surface and interiors of the
particles. However, there are perhaps two striking, and related, features to these results. The
first is the large fraction of TiAl; predicted, given the low levels of doping used in these
materials. This is suggestive that the TiAl; may not be stoichiometric. The second is that the
higher cooling rate experienced by the smaller particles appears to significantly favour the
formation of higher amounts of TiAls, even in alloys with the same level of Ti-doping. This is
also suggestive that not all of the TiAl; can be stoichiometric. In light of this a mass balance
calculation has been performed which does indeed indicate that although the additional phase
detected in the Ti doped powders has the TiAls;, I4/mmm structure, there is insufficient
titanium present in the alloy for the correct stoichiometry to be realised.
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Figure 2 — Diffraction pattern and Rietveld fit for the 53-38 um sieve fraction of the undoped
Al-25 at.%Ni alloy.
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Figure 3 — Diffraction pattern and Rietveld fit for the 53-38 um sieve fraction of the
1.5 at.%Ti doped alloy.
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Figure 4 — Diffraction pattern and Rietveld fit for the mounted, ground and polished 38-53
sieve fraction of the 1.5 at.%Ti doped alloy.

Given that TiAls is a stoichiometric line compound in the Al-Ti binary system, we consider
the most likely source of the non-stoichiometry observed here to be substitution of Ni on to
the Ti-sites. Assuming that all of the Ti atoms are contained within the TiAl; phase and that
some of the Ti sites in the TiAls, [4/mmm structure are occupied by Ni atoms, the mass
balance calculation may be used to estimate the site occupancy, with the results of this
calculation being given in Table 2. The calculation reveals that for all of the samples
investigated, the only way to reconcile the high fraction of TiAl; measured in the samples is
if the majority of Ti-sites within the TiAls, I4/mmm structure are in fact occupied by Ni. Not
surprisingly, the fraction of Ti-sites occupied by Ni atoms is greater in the smaller particles,
reflecting the higher phase fraction of TiAl; in these powders.



Table 1 — Phase weight fractions for the various alloys and size fractions obtained from XRD
measurements on both unmounted and mounted and polished powder samples

Phase wt.%

Ti/at.% | Size range / um | Al-eutectic NiAls Ni>Al3 TiAlz
0 53-38 15.8 47.5 36.7 0.0
0 150-106 14.2 53.9 31.9 0.0

0.75 53-38 15.4 45.1 30.4 9.1

0.75 150-106 13.6 52.3 27.7 6.3
1.5 53-38 9.9 38.2 22.9 28.9
1.5 150-106 13.9 42.3 31.7 12.1
3.0 53-38 10.4 39.6 26.4 23.7
3.0 150-106 8.7 49.0 22.0 20.2

Mounted, ground & polished samples

1.5 53-38 7.4 35.8 22.2 34.5
1.5 150-106 10.5 50.4 26.4 12.7

Table 2 — Site occupancy calculation for unmounted and mounted and polished powder
samples assuming Ni substitution on Ti sites in the TiAls structure

Ti/at.% | Size range / um Calculated Ti-site
occupancy in TiAls

Ti/ % Ni/ %

0.75 53-38 32.5 67.5
0.75 150-106 46.3 53.7
1.5 53-38 20.5 79.5
1.5 150-106 48 52.0
3.0 53-38 49.1 50.9
3.0 150-106 57.2 42.8

Mounted, ground & polished samples

1.5 53-38 17.1 82.9
1.5 150-106 45.6 54.4

Microstructural Characterisation

Example SEM micrographs of the undoped and Ti-doped samples are given in Figure 5 a-b.
In both cases the powders are taken from the 150-106 um sieve fraction, with the doped
sample having 1.5 at.% Ti. The images have been taken using the back-scatter detector,
giving atomic number contrast. In Figure 5a fragmented dendritic cores of Ni,Al; are evident
as light grey features, with each core being encased in a shell of NiAls, which appear as mid-
grey. This core-shell morphology is characteristic of the peritectic reaction via which the
NiAlj; phase is formed. The eutectic appears black in the figure, being almost entirely Al. The
microstructure of the doped sample is relatively similar in appearance, also consisting of
short dendritic fragments comprising NiyAl; cores enclosed within NiAl; shells. The
dendrites have a somewhat finer appearance, this almost certainly reflecting the lower
volume fraction of Ni,Al; formation.

The micrograph of the doped structure is repeated in Figure 6, this time with an EDX
detection of Ti overlaid. From Figure 6 it is apparent that very strong localisation of Ti has



occurred. Careful inspection of Figure 5 reveals a needle like morphology in the doped
sample not found in the undoped sample which correlates with the position of the Ti
localisation. This morphology appears as dark grey, intermediate in shade between the NiAl;
and Al eutectic. Given that the only additional phase identified in XRD, and the localisation
of Ti to this morphology, we are relatively confident that these needle like crystals are the
I[4/mmm TiAls; phase. The EDX analysis reveals virtually no Ti elsewhere in the
microstructure, suggesting very little substitution of Ti for Ni in either the Ni,Als or NiAls
phases.

Figure 5 — SEM backscatter image of (a) undoped Raney-type precursor alloy (Al-25 at.%Ni)
and (b) equivalent 75 at.% Al alloy doped with 1.5 at.% Ti.

Figure 6 — SEM backscatter image of a Ti-doped Raney-type precursor alloy as shown in
Figure 5b but with the Ti EDX map overlaid. Strong localisation of the Ti is evident which
can be correlated with needle like crystals of TiAl; in Figure 5b.

4 Discussion and Analysis

The findings presented here are contrary to those of both Mund et al. [17] and Gros et al. [20],
in that there appears to be virtually no Ti dissolved in the NiyAls phase, with Ti instead
forming the tetragonal TiAl; compound. Although Mund et al. only considered cast alloys,
Gros et al. considered melt spun ribbons of Ti-doped Raney precursor alloys, wherein cooling
rates are likely to be comparable to those experienced during gas atomization. Consequently,
the main difference between this work and these earlier studies is the starting composition of
the alloy, with both Mund et al. and Gros et al. using the traditional Raney 50-50 wt.% Ni-Al
composition as the starting point for their studies. At this composition the primary



solidification phase in the binary system is NiAl, with NiyAl; being formed via the peritectic
reaction NiAl + L — NiyAls. In contrast, below ~ 26 at.% Ni (~ 41 wt.% Ni) Ni,Alj is the
primary solidification phase (note that in Figure 1 both isothermal sections are plotted below
the NiAl + L — Ni,Alj; peritectic temperature of ~ 1410 K, hence the absence of NiAl in
these sections).

NiAl is a B2 cubic phase with a wide compositional stability field extending from 42 — 69
at.% Ni. On the Al-rich side, the deviation from stoichiometry is accommodated by the
inclusion of vacancies on the Ni lattice sites [20], with the number of unoccupied Ni-sites
approaching one third as the Ni,Als stoichiometry is approached. Upon the peritectic
transformation of NiAl to NiyAl; the structure changes, with the Ni,Als structure being
essentially a trigonal extension of the cubic B2 (NiAl) structure, with every third plane of Ni
atoms perpendicular to the trigonal axis missing [29]. Conversely, moving to the Al-rich side
of the Ni,Als stoichiometry does not lead to additional vacancies being introduced, but rather
leads to Al replacing Ni on the existing occupied Ni sites [29].

It seems likely therefore that the differences observed in the distribution of Ti in the as-
solidified samples relate to the origin of the NiyAl; phase. Where this is formed via the
peritectic decomposition of NiAl it appears that significant Ti concentrations can be
incorporated into the Ni,Al; phase, with Gros et al. [20] finding direct evidence the retention
of small NiAl cores in Ti-rich NiyAl; dendrites. Conversely, where the Ni,Al; phase has
grown direct from the melt it appears that Ti is almost completely excluded from the Ni,Als
phase, instead forming a (TixNi;.x)Al; phase with the DOy, crystal structure. The origin of the
Ni,Als phase, whether by the peritectic conversion of NiAl or by direct solidification from
the melt, has also recently been shown to have an effect on undoped Al-rich Ni-Al alloys [30],
with that produced by the peritectic being less amenable to subsequent NaOH leaching than
that solidified direct from the melt.

As the cooling rate is increased the phase fraction of TiAls increases (at fixed Ti
concentration), suggesting that the Ni occupancy of the Ti-sites increases with increasing
cooling rate. However, despite the localisation of the Ti to a phase not normally associated
with being a catalytically active constituent of Raney-type Ni catalysts, catalytic testing on
powders of this material [23] show more than twice the activity of the equivalent undoped
catalyst for the hydrogenation of butyraldehyde (based on the 150-106 pum diameter sieve
fraction for both the doped and undoped powders and the 1.5 at.% Ti alloy). This suggests
that the DO,, (TixNijx)Als phase identified in this study can be leached relatively easily by
NaOH in much the same way as NiAls; and subsequently forms a catalyst with a very high
activity.
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