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Abstract

Utilization of intermetallics in high temperature applications is limited due to their
poor room temperature ductility. One route to overcoming this is disorder trapping
(and subsequent anti-phase domain formation) during rapid solidification, moti-
vating the study of disorder trapping in intermetallics. The single-phase, L1, in-
termetallic B-Ni;Ge has been rapidly solidified via drop-tube processing. At low
cooling rates (850 — 500 um diameter particles, 700 — 2800 K s™) the dominant
solidification morphology, revealed after etching, is that of isolated spherulites in
an otherwise featureless matrix. Selected area diffraction analysis in the TEM re-
veals the spherulites to be partially disordered B-Ni;Ge, whilst the featureless ma-
trix is the fully ordered variant of the same compound. Dark-field TEM imaging
has confirmed that the spherulites grow as radially emanating fingers of the or-
dered phase, with disordered material in the space between the fingers.

Introduction

Intermetallic compounds are characterised by strong internal order and mixed
covalent/ionic and metallic bonding, which gives rise to mechanical behaviour in-
termediate between ceramics and metals [1]. They have a range of potential appli-
cations as high temperature structural materials due to good chemical stability and
high hardness at elevated temperatures. Conversely, poor room temperature ductil-
ity limits formability. Low temperature ductility can be increased by rapid solidi-
fication processing, wherein a reduction of the degree of order and the formation
of antiphase domains increases ductility [2-4]. Moreover, the high temperature
properties can be restored by annealing to restore chemical ordering [2].

In this article we present an analysis of the rapid solidification of the single
phase, congruently melting, intermetallic $-Ni;Ge, a compound which at equilib-
rium orders at all temperatures below the liquidus. The main motivation for this is
to study the solidification morphologies associated with disorder trapping at high
growth rate without the associated complication of solute trapping. However, as
the main solidification morphology observed are spherulites, a relatively uncom-



mon morphology in metals and intermetallics, we first present a review of the
spherulite morphology and it previous occurrence in metallic systems.

The crystalline morphology termed spherulitic was first observed by Talbot in
1837 during the crystallisation of borax from phosphoric acid [5]. Spherulites are
commonly observed in polymers and small molecule organic crystals, together
with some minerals, volcanic rocks, inorganic crystals and a few pure elements
(e.g. graphite, sulphur and selenium) [6]. Spherulites are only rarely observed in
metals, sometimes as graphite formations in cast irons and otherwise as the result
of devitrification of metallic glasses [6].

As mentioned above, spherulites are most common in polymers, particularly
those of high molecular weight grown directly from the melt, where topological
constraints restricting the reorientation of long chain molecules are encountered.
The structure of such spherulites is of multiply branched crystalline arms separat-
ed by amorphous regions between the arms [6]. The formation of spherulites is
most common in unoriented systems. Where a strong tendency for uniform mo-
lecular orientation exists, such as for growth in a strong, externally imposed tem-
perature gradient, spherulite growth appears to be supressed [7].

Spherulite growth is also observed in a number of metallic systems, particularly
during the devitrification of amorphous metals. Chrissafis et al. [8] studied the
crystallisation of Fe-Si-B metallic glass in the solid-state, observing the formation
of Fe spherulites, the distribution of which was indicative of homogenous nuclea-
tion and isolated, diffusion controlled three dimensional growth in the amorphous
matrix. Yano et al. [9] observed spherulite formation in ZrsyCugpAl;o bulk metallic
glass, annealed at 773 K, using TEM and positron annihilation lifetime measure-
ments. Crystallisation proceeded by the formation of spherical agglomerates of ra-
dially developing crystalline grains, some 600 nm in diameter. Various other stud-
ies [9-12], looking at the crystallisation products of devitrification in binary and
multicomponent component metallic glasses, have made similar observations of
spherulite structures. The results appear to be insensitive to heating rate, with heat-
ing rates as high as 103 K s being found not to inhibit spherulite formation [13].

Although there is controversy in the literature as to the formation mechanism
for spherulitic growth, a number of common requirements for their formation have
been identified. One is a tendency towards non-crystallographic, small angle
branching [14]. A second is a high viscosity in the medium being crystallised. The
importance of this has been demonstrated unambiguously by Morse et al. [15, 16]
who, in a study of the crystallisation behaviour of inorganic salts, identified
around 70 salts that would crystallise in spherulitic form if grown in a gel, but not
otherwise. It has been suggested that spherulite growth may be favoured in situa-
tions where translational diffusion may be significantly easier than rotational dif-
fusion [17] and one can certainly imagine how this situation might arise during the
crystallisation of long chain polymers, although it is less obvious how such a sit-
uation might arise in metals or other small molecular systems. Despite this, there
is some evidence that similar conditions may exist in both organic [18] and metal-
lic [19] undercooled glass forming liquids, with a decoupling of the translational



diffusion coefficient from the macroscopic viscosity and a decoupling of the trans-
lational and rotational diffusion coefficients. The propensity of metallic glass for-
mers to form spherulites is also suggestive of the requirement for some level of
structure in the non-crystalline precursor to be a prerequisite. This also appears to
be true of other spherulite formers, such as pure elemental Se, which is reported to
have a very peculiar molecular structure, intermediate between truly polymeric
and simple molecular liquids [20].

According to the phase diagram of Nash and Nash [21], B-Ni;Ge is a congru-
ently melting compound with a melting point of 1405 K. It has a homogeneity
range of 22.5 to 25 at. % Ge and crystallizes to the ordered fcc L1, structure. The
system has previously been studied by Ahmed et al. [22] who, using a flux under-
cooling technique, observed a maximum undercooling of 362 K, wherein the cor-
responding growth velocity was measured at 3.55 m s'. In common with other re-
searchers who have determined the velocity-undercooling curves for intermetallic
compounds passing through the order-disorder transformation, Ahmed et al. ob-
served a discontinuous break in the curve at the onset of fully disordered growth.
This condition was observed for B-Niz;Ge at an undercooling of 168 K and at a
critical growth velocity, Ve, of 0.22 ms”. More recently Haque er al. [23] have
observed a range of solidification structures in rapidly solidified Ni;Ge including a
dendritic to dendritic seaweed transition.

Experimental Methods

Elemental Ni and Ge were obtained from Alfa Aesar with purity of 99.99 %
and 99.999%, metals basis, respectively. The alloy, of composition
Ni-25 at. % Ge, was produced by arc-melting the elemental constituents together
under a protective argon atmosphere, with the melting process being repeated 8
times to ensure uniform mixing of the final alloy. Following arc-melting the phase
composition of the alloy ingot was checked using a PANalytical Xpert Pro X-ray
diffractometer and drop-tube processing was only undertaken on samples that
were confirmed as single phase B-NizGe.

The alloy sample, of approximately 9.5 g mass, was loaded into an alumina
crucible which has three 300 um laser drilled holes in the base. Induction heating
of a graphite subsector was used for melting the sample. Temperature determina-
tion was by means of an R-type thermocouple which sits inside the melt crucible,
just above the level of the melt. When the temperature in the crucible attained
1480 K (75 K superheat) the melt was ejected by pressuring the crucible with
~ 400 kPa of N, gas. The resulting spray of particles solidify in-flight whilst fall-
ing the 6.5 m length of the tube, which is filled to 50 kPa with dry, oxygen free N,
gas, and are collected at the base of the tube. Further details of the Leeds drop-
tube and the likely cooling rates that can be thus achieved can be found in [24].



Following retrieval of the sample from the base of the drop-tube the powders
were sieved into standard size fractions, with the size fractions, > 850um and 850
— 500 pum being selected for analysis here. Using the method given by [24] the
mean post-recalescence cooling rate for these two size fractions is estimated at
700 K s and 2800 K s™' respectively.

The selected size fractions were subject to XRD analysis to ensure they re-
mained single-phase and were then mounted in transopic resin and prepared for
microstructural analysis. This involved grinding with SiC grinding media and then
polishing with progressively finer grades of diamond paste, finishing with a 1 um
grade. B-Ni;Ge was found to be highly resistant to most chemical etchants normal-
ly used in metallography. The etchant used was the aggressive mix consisting
equal parts of undiluted HF, HCI and HNO;. A Carl Zeiss EVO MA15 scanning
electron microscope (SEM) was used to image the microstructure of the droplets
revealed by etching while an Oxford Instrument X-Max Energy-Dispersive X-Ray
(EDX) detector was used to check the chemical homogeneity of the samples. Se-
lected area diffraction analysis and bright-field imaging was performed using a
FEI Tecnai TF20 Transmission Electron Microscope (TEM), with samples, of ap-
proximately 10 pm x 7 um and between 55-70 nm in thickness, being cut using a
FEI Nova 200 Nanolab focused ion beam (FIB).

Results & Discussion

Figure 1 (a) shows an SEM micrograph of a polished and etched sample from
the 850-500 um sieve fraction. Numerous spherulite like structures, typically with
diameters of the order of 10-20 pm, are evident in an otherwise featureless matrix.
Such structures are very rare in metallic systems, although appear to be ubiquitous
throughout the drop-tube powders in this size fraction. We note that, except for the
spherulites, no other crystalline features are revealed in the sample by etching.
XRD analysis (not shown) performed on the powder samples confirms that the
material remain single phase B-Ni;Ge subsequent to drop-tube processing The
contrast between the spherulite and the surrounding matrix material appears not to
be the result of compositional differences due to solute partitioning during solidi-
fication. The absence of solute partitioning is demonstrated in Figure 1(b) which
shows an EDX line across the diameter of a spherulite as revealed by etching.
From this it is clear that, to within the experimental error associated with the tech-
nique, there is little variation in composition between the structures revealed by
etching and the surrounding featureless matrix. The contrast revealed by etching
does not therefore appear to be related to differences in either phase (XRD) or
chemical (EDX) composition.

In order to understand the origins of the spherulite morphology TEM imaging
and Selected Area Diffraction (SAD) analysis has been performed. Figure 2(a)
shows typical bright-field TEM image of an isolated spherulite. Figures 2(b & c)



show two selected area diffraction patterns obtained from the microstructure
shown in Figure 2(a), taken (i) from the spherulites structure, and (ii) from the ini-
tial core of the spherulite. Both are consistent with an fcc cubic structure with the
lattice parametes of B-NizGe. However, (b) also displays superlattice spots con-
sistent with the ordered L1, crystal structure of B-Ni3Ge, as expected from the
phase diagram, while (c) shows no such superlattice spots and thus appears to be
the disordered Al fcc structure. Beyond the spherulites, similar SAD pattern anal-
ysis (not shown) confirms that all of the featureless matrix material has the fully
ordered L1, crystal structure.
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Figure 1: (a) SEM micrograph of HF
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Figure 2(d) shows a TEM dark-field image of a region within a spherulite ob-
tained from one of the superlattice spots within the diffraction pattern. The spheru-
lite appears to consist of fingers of material that are bright and are likely to there-
fore be of the ordered phase, with a dark, and therefore probably disordered
material between the fingers. In common with many polymer spherulites the fin-
gers within a spherulite are generally observed to be of uniform width and in order
to achieve space filling whist maintaining a constant width the fingers undergo
non-crystallographic branching [25].

A number of amorphous metallic systems crystalize to a spherulitic morphol-
ogy upon heating above the glass transition temperature. While in some respects
crystallization from a metallic glass precursor is similar to crystallization from the
melt, in other respects it is quite different. The main difference is that the viscosity
of a glass is much higher than that of a melt and correspondingly, the atomic dif-
fusivity is much lower in a glass, compared to a melt of the equivalent composi-
tion. Consequently, crystallization from a glass is often restricted to short range



diffusion. This in turn means that growth kinetics dominate over diffusion. An
analogous situation may be considered to exist in the growth of B-Ni;Ge from its
parent melt. As the compound is congruently melting there is no requirement for
long range solute transport by diffusion, which is consistent with EDX results.
Moreover, Ahmed et al. noted the noted the abnormally high viscosity of the
Ni;Ge melt, with undercooled droplets being able to be pulled into teardrop
shapes. This characteristic may be indicative of structure in the liquid, in a fashion
similar to that found glass forming melts.

Figure 2: (a) TEM bright field image of a spherulite, (b) selected area diffraction
patterns from regions (i) and (c) (ii) of the spherulite, and (d) TEM dark-field im-
age of a region within a spherulite obtained from one of the superlattice spots
within the diffraction pattern.

However, the morphological analogies between the spherulite structures ob-
served here and those observed in polymers is significantly greater than previously
reported for any form of metallic spherulite. These similarities include the growth
of constant width fingers and space-filling by non-crystallographic branching.
Moreover, the structure of the Niz;Ge spherulites, with ordered fingers in a disor-
dered matrix is analogous to the structure of polymer spherulites in which crystal-



line fingers are imbedded within an amorphous matrix. While the constant width
fingers may be explained with recourse to a Mullins & Sekerka type instability,
the non-crystallographic branching of an fcc metal is much more difficult to ex-
plain. The strong parallels between the spherulites observed here and those in pol-
ymers may suggest that some of the features of spherulites which have previously
been attributed to the properties of their host polymer may in fact be inherent fea-
tures of the spherulite morphology.
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