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Abstract:



The congruently melting, single phase, L12 intermetallic β-Ni3Ge has been subject to rapid solidification via drop-tube processing. Four different cooling rates are used in this process, at very low cooling rates (≥850 μm diameter particles, ≥700 K s−1) and slightly higher cooling rates (850–500 μm diameter particles, 700–1386 K s−1) the dominant solidification morphology, revealed after etching, is that of isolated spherulites in an otherwise featureless matrix. At higher cooling rates, (500–300 μm diameter particles, 1386–2790 K s−1 and (300–212 μm diameter particles, 2790–4600 K s−1) mixed spherulite and dendritic morphologies are observed. Indeed, at the higher cooling rate dendrites with side-branches composed of numerous small spherulites are observed. Selected area diffraction analysis in the TEM indicate that the formation of spherulites is due to an order-disorder transformation. Dark-field TEM imaging has confirmed that the spherulites appear to consist of lamellae of the ordered phase, with disordered material in the space between the lamellae. The lamellar width within a given spherulite is constant, but the width is a function of cooling rate, with higher cooling rates giving finer lamellae. As such, there are many parallels with spherulite growth in polymers.
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1. Introduction


Intermetallic compounds are characterised by a high degree of chemical ordering and mixed covalent/ionic and metallic bonding, which gives rise to mechanical behaviour intermediate between ceramics and metals. Due to these characteristics they can display desirable magnetic, superconducting and chemical properties [1]. They also have a range of potential applications as high temperature structural materials due to good chemical stability and high hardness at elevated temperatures. Conversely, poor room temperature ductility limits formability, although this can be increased by rapid solidification processing, wherein a reduction of the degree of chemical order and the formation of a fine pattern of antiphase domains (APDs) increases ductility [2,3,4]. Moreover, the high temperature properties can be restored by chemical ordering via annealing out the APDs subsequent to forming [2].



We present here an analysis of the rapid solidification of β-Ni3Ge, a congruently melting, single phase intermetallic having a melting point of 1405 K and a homogeneity range of 22.5 to 25 at % Ge [5]. β-Ni3Ge has the L12 crystal structure, this being an ordered variant of the face centred cubic structure. This structure is adopted by many ordered systems with the stoichiometry X3Y, with X atoms sitting on the faces and Y atoms on the corners of the cubic unit cell. At equilibrium, β-Ni3Ge orders at all temperatures below the liquidus, with crystallization from the liquid resulting directly in the ordered L12 structure. Consequently, rapid solidification processing has the capacity to induce disorder trapping [6] wherein, the degree of chemical ordering will decrease with increasing solidification velocity as progressively higher levels of chemical disorder are trapped in the structure. For β-Ni3Ge this will result in the ordered L12 structure being replaced by a random solid-solution with the fcc crystal structure.



The system has previously been studied by Ahmed et al. [7] using a flux undercooling technique, wherein they attained a maximum undercooling of 362 K, with a measured growth velocity of 3.55 m s−1. They also observed a break in the velocity-undercooling curve which they attributed to the transition between growth of the ordered phase at low undercooling to growth of the fully disordered form (complete disorder trapping) at high undercooling, this condition being met at an undercooling of 168K and at a critical growth velocity, Vc of 0.22 m s−1. Such transitions have previously been reported by a number of authors see e.g., [8] and have been predicted theoretically by West and Aziz [9]. However, in the flux undercooling technique post solidification cooling rates tend to be very low (<10 K s−1), meaning that solidification microstructures tend to be subject to extensive solid-state transformation.



The aim of this investigation is to study the solidification morphologies which are associated with disorder trapping at high growth rate, using drop-tube processing. Being congruently melting, β-Ni3Ge is an ideal system for this as disorder trapping will occur without the associated complication of solute trapping. Moreover, unlike the flux undercooling technique used by Ahmed et al., drop-tube cooling rates are sufficiently high so as to supress recrystallization, solid-state phase transformations and, for the smaller droplets sizes, chemical reordering thereby giving a much higher probability that the original solidification morphology will be retained. A somewhat surprising outcome of the work, discussed in detail below, was the ubiquitous occurrence of spherulites, a morphology that, as far as we are aware, is not observed to form in any other fully crystalline, non-glass forming alloy. The aim of this paper is therefore to explore the similarities and difference between the spherulite morphologies observed here and those seen more commonly in polymer and glass forming alloy systems. However, a review of the spherulite morphology and its previous occurrence in metallic systems is presented first.



In 1837, Talbot observed a spherical crystalline morphology during the crystallization of borax from phosphoric acid [10]. Based upon their morphology, spherulites are normally characterised as being either Category 1 or Category 2. A Category 1 spherulite develops radially from the nucleation site, branching intermittently to maintain space filling. Category 2 develop initially as thread like fibres, successively forming new grains at the growth front [11,12]. Later, Brewster named the objects of Talbot’s interest ‘circular crystals’ [13], for which the term spherulite has become generally accepted. Spherulites are common in polymers and small molecule organic crystals but are also observed in some minerals, volcanic rocks, inorganic crystals and a few pure elements (e.g., graphite, sulphur and selenium) [14]. However, the development of spherulites are only rarely observed in fully crystalline metals, sometimes in cast iron (graphite), although they are observed in partially crystalline glass forming alloys, both as residual crystals following solidification and as devitrification products [14].



Typical polymer spherulites form most readily from melts with a high molecular weight, particularly under growth conditions where topological constraints inhibit the reorientation of long chain molecules. Formation is particularly favoured in situations where a random molecular orientation might be expected, such as growth from an undercooled melt. Conversely, for growth with a strong externally imposed directionality, such as in a temperature gradient, spherulite growth appears to be suppressed [15]. These spherulite structure generally have multiply branched crystalline arms which are separated by amorphous regions between the arms [14]. The amorphous regions are typically shorter than the molecular chains, such that one molecule may go through many such crystalline and amorphous regions [16].



The growth of spherulites is also observed in a number of metallic systems, particularly metallic glass forming alloys, in which they are observed both as residual crystals during freezing from the melt and amorphous-crystalline composite structures during devitrification of the fully amorphous material. Examples of such residual spherulitic crystals forming direct from the melt have been observed by Lu et al. [17] during Bridgeman solidification of La–Al–Ni glass forming alloys. For pulling speeds of 2.3–2.4 mm s−1 spherulites between 10 and 30 μm in diameter were observed, whereas at higher pulling speeds fully amorphous material was observed. These spherulites were crystalline eutectic structures in an amorphous matrix, although Lu et al. did not identify the crystalline phases comprising the eutectics.



Also during Bridgeman solidification, but in a Zr–Ti–Cu–Ni–Be glass forming alloy, Cheng et al. [18] identified a range of multiply branched crystalline morphologies embedded in an amorphous matrix. One of the phases present was identified as Zr2Cu, although other phases were also present and could not be identified by the authors. These structures, which again were favoured by low pulling speeds, had an elliptical outer envelope, but the orientation of the crystalline needles within the structures had features reminiscent of Category 2 spherulites.



Somewhat larger spherulitic crystals, up to 120 μm in diameter, were observed by Aboki et al. [19] in Zr–Cu–Al–Ni glass forming alloys cast into a water cooled copper mold with cooling rates estimated around 100 K s−1. Again these are crystalline, probably eutectic, structures embedded within an amorphous matrix. XRD analysis identified at least 9 crystalline phases present within these samples, although the authors were unable to identify which contributed to the spherulite structures.



The devitrification during annealing of Fe–Si–B soft magnetic metallic glasses has been studied by a number of authors, with various morphologies, including spherulites, being observed depending upon the composition studied. For the Fe75Si12B13 composition the spherulites were composed of the metastable intermetallic Fe3B, which decomposed to Fe2B in fully crystalline samples [19]. Conversely, for the Fe75Si9B16 composition three discrete stages of crystallisation were revealed upon heating of the sample [20], with spherulites of pure Fe being formed during the first stage.



Yano et al. [21] observed the formation of spherulites in a Zr50Cu40Al10 bulk metallic glass forming alloy via TEM and positron annihilation lifetime measurements. Upon annealing at 773 K, crystallisation proceeded through the formation of spherical agglomerates of radially developing crystallites, about 600 nm in diameter. Selected area diffraction patterns were used to identify the crystallography of both the spherulites and the surrounding matrix material. The space group for the spherulites was thought to be one of the orthorhombic groups, the inter-spherulite region displayed a two-fold symmetry and was identified as an fcc structure.



Numerous further studies [21,22,23,24] have also observed the formation of nano-crystalline spherulites during the devitrification of both binary and multicomponent component metallic glass systems. In virtually all cases the spherulites are homogenously distributed within the amorphous matrix, with a radial growth originating from the centre of nucleation sites. This would suggest that spherulite growth is initiated on pre-existing nuclei frozen into the metallic glass. The results appear to be insensitive to the heating rate, with heating rates as high as 10³ K s−1 being found not to inhibit spherulite crystallisation [25].



In a study of the crystallisation of Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 bulk metallic glass in DSC (differential scanning calorimetry), Sun and Flores [26] found that high heating rates (>2.5 K s−1) resulted in the formation of spherulites. In contrast, low heating rates resulted in non-spherulite nano-crystalline structures, wherein they concluded that the activation energy required for the formation of nano-crystalline structures is higher than that required for the formation of spherulites. In a laser processing study of the same alloy [27] they further observed that spherulites can form at the same composition as the amorphous matrix, i.e., without partitioning.



Although the mechanism for spherulitic growth is the subject of some controversy, a number of common requirements have been identified. The first is a tendency towards non-crystallographic, small angle branching [28]. The second is a high viscosity in the medium being crystallized. Morse et al. [29,30] demonstrated this in a comparative study of the crystallisation of 70 salts, showing that crystallization to spherulites only occurred for growth in a gel based media. The requirement for a high viscosity in the melt would be consistent with the propensity for glass forming alloys, but not other metallic melts, to crystallise to spherulitic morphologies.



In developing a phase-field model of spherulite growth in polymers, Gránásy and co-workers found that the morphology is favoured in situations in which translational diffusion is easier than rotational diffusion [31]. However, while it is possible that this situation may emerge during the crystallization of long chain polymers it is far less clear how such a situation could emerge in metals. There is some evidence that similar conditions could be found in both organic [32] and metallic [33] undercooled glass forming liquids. These are characterized by a decoupling of the translational diffusion coefficient from the macroscopic viscosity, as well as of the translational and rotational diffusion coefficients. The inclination of metallic glass formers to form spherulites indicates that some level of structure in the non-crystalline precursor is required. This also appears to be the case for other spherulite formers. For instance, pure elemental Se is reported to have a very peculiar molecular structure that is intermediate between polymeric and simple molecular liquids [34].



In this article we present an analysis of rapidly solidified Ni-23.8 at % Ge produced using the drop-tube technique. Four very different microstructures, spherulites, orthogonal dendrites, non-orthogonal and dendritic seaweed have previously been reported in this system as the cooling rate is increased [35,36]. Given the relative rarity of spherulite formation in non-glass forming metallic melts this article focuses solely on the spherulite structures. Such spherulites are observed to form for cooling rates in the range 700–4600 K s−1, corresponding to droplets sizes of >850 μm, 850–500 μm, 500–300 μm and 300–212 μm. The objective is to understand the origin of these structures by using TEM to probe the extent of chemical ordering with in the spherulites and Electron backscatter diffraction (EBSD) to investigate the extent to which the spherulites share a common crystallography with the grains in which they are embedded.




2. Results and Discussion


Figure 1a,d shows SEM micrographs of the polished and etched sections from the four sieve size fractions >850 μm, 850–500 μm, 500–300 μm and 300–212 μm respectively. In the two largest sieve sizes (Figure 1a,b) numerous spherulite morphologies are evident, typically with diameters in the range 10–20 μm. In these droplets sizes the spherulites are the only solidification morphology observed in what is otherwise a featureless background.


Figure 1. SEM micrographs of HF etched drop-tube processed Ni3Ge droplets: (a,b) shows presence of spherulites microstructure from the ≥850 μm and 850–500 μm sieve size fraction respectively; (c,d) shows co-existence of spherulites with dendritic microstructure in the drop-tube samples of size 500–300 μm and 300–212 μm respectively.
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In the two smaller sieve sizes various spherulite morphologies are still evident, but these are now smaller and coexist with dendrites. Figure 1d, obtained from the 300–212 μm sieve fraction, is particularly striking in that there are isolated spherulites coexisting with a very prominent pseudo-dendritic structure comprising orthogonal linear arrays of spherulites. This is particularly evident towards the top left of the figure, where one of the secondary arms of this dendritic structure appears to be composed of linear groups of spherulites. Unfortunately, it is not possible to determine from the image whether the dendrite grew with this morphology or whether the spherulites formed subsequent to the initial dendritic growth, perhaps due to some decomposition process. This question is explored further below although we note that [35] found that any further increase in cooling rate resulted in classical dendrites being the dominant solidification morphology.



Samples from all 4 sieve fractions shown in Figure 1 have been subject to XRD analysis, which, by comparison with ICCD reference pattern 04-004-3112 (fcc a = b = c = 3.566 Å), confirms that the material remains fully single phase β-Ni3Ge, irrespective of the imposed cooling rate. As such, no variation in chemical composition would be expected within the sample and this has been confirmed by taking a number of EDX line and area scans, all of which show that the material is chemically homogeous with a composition consistent with β-Ni3Ge. As such, the contrast between the spherulite and the surrounding featureless matrix material appears not to be the result of compositional differences due to solute partitioning during solidification, nor does it appear to be related to differences in phase. Instead, as confirmed below via TEM, we believe the contrast is between disordered (or partially disordered) material within the spherulites and an ordered matrix, with the ordered material being more resistant to the chemical attack of the acids used in etching than the disordered material. As such this is quite distinct from other instances of spherulitic growth direct from the melt in metals, where the spherulites are typically two distinct phases with different crystallography.



Figure 2a shows a TEM bright field image of a typical spherulite stucture obtained from a FIB milled section of an etched Ni3Ge droplets in the 500–300 μm size fraction. Many fine filament like crystallites radiating out from the centre of the spherulite are clearly visible. A selected area diffraction pattern obtained from the center of a spherulite, at the location marked (i) in Figure 3c, is shown in Figure 2b. Superlattice spots are clearly evident within the diffraction pattern, which would indicate that the material displays at least partial chemical ordering within the spherulites. The same is also true of the featureless background material. However, as we have shown elsewhere [35,36], the dendrite morphologies observed at higher cooling rates (smaller droplets sizes) do not display superlattice spots and are therefore likely to be composed of the chemically disordered material, but still contained within a matrix of ordered phase. From this it is possible to deduce that cooling rates >4600 K s−1, i.e., those obtained in droplets smaller than 212 μm, are sufficient to completely inhibit reordering of material which has grown in the disordered state via disorder trapping.


Figure 2. (a) Transmission Electron Microscope (TEM) bright-field image of a spherulite structure (indicated by an arrow) in the 300–212 μm size fraction; (b) TEM selected area diffraction pattern of one of the spherulites shown in Figure 1c (zone axis [−1 0 3]). Arrow shows the specification of the spot from which the dark field image obtained within Figure 1c.
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Figure 3. TEM dark-field image of HF etched drop-tube processed Ni3Ge droplets obtained from one of the superlattice spots within the diffraction pattern of drop-tube samples, (a) ≥850 μm; (b) 850–500 μm; (c) 500–300 μm and (d) 300–212 μm respectively.
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Figure 3a,d presents TEM dark-field images showing detail of the spherulite structures in each of the sieve fractions between ≥850 µm to 300–212 µm. The images were obtained from one of the superlattice spots within the SAD diffraction pattern and as a consequence of this only the chemically ordered material is illuminated. In all cases the spherulites appear to be composed of lamellae of ordered material separated by inter-lamella material of the disordered phase.



This now permits us to make inference both about the origin of the contrast during etching and the solidification pathway giving rise to the spherulite structures. Pertaining to the first point, we surmise that it is the distinction between the ordered and disordered material that gives the topographic contrast during etching, with the ordered material being more resistant to chemical attack. Indeed, given that the material within the droplets is single phase Ni3Ge and is chemically homogeneous it is difficult to conceive what else might give rise to the contrast. With regard to the second point, we note the presence of disordered material within the spherulites which is clearly evident within the dark-field images presented in Figure 3. Given that during equilibrium solidification β-Ni3Ge orders at all temperatures below the melting point this suggests that the material comprising the spherulites must have been subject to some degree of disorder trapping during growth, in turn suggesting that the spherulites grew from the undercooled melt during the recalescence phase of solidification. The volume fraction of spherulitic material within the sample will therefore reflect the solid fraction formed during recalescence, fs, given by fs = ΔT·cp/L, where cp and L are the specific heat and latent heat upon fusion respectively. Following recalescence, solidification of the residual liquid (volume fraction 1 − fs) will occur close to equilibrium and therefore to the ordered form of β-Ni3Ge, giving rise to the matrix material in which the spherulites are embedded. Due to the chemical ordering the matrix is resistant to chemical etching, therefore appearing featureless after etching.



Moreover, these lamellae appear, at least in cases Figure 3b–d, to be of near constant width and cannot all be aligned with the crystallographic directions of an fcc structure. Space-filling appears to be maintained by non-crystallographic branching which can be seen most easily with respect to Figure 3b. In this regard, the spherulites observed here appear quite similar to Category 1 polymer spherulites, although here we appear to be observing a contrast between an ordered and disordered variant of the same crystal structure, rather than between crystalline lamellae in an amorphous matrix as would be the case for polymer spherulites, or indeed those observed in the devitrification of a metallic glass.



Figure 4 shows the measured lamellar size as a function of drop-tube cooling rate, with the average lamellar size decreasing from 0.45 µm at a cooling rate of 700 K s−1 to 0.11 µm at a cooling rate of 4600 K s−1. The very large error bar corresponding to the measurement for the >850 µm sieve fraction is indicative of the seemingly non-constant lamellar widths observed in this sample, which can be clearly seen in Figure 3a. Notwithstanding this, there is a clear trend for the lamellar width to decrease with decreasing particle size (increasing cooling rate). In these droplets we would expect the melt undercooling to increase with decreasing particle size, both because high cooling rate will, per se, lead to high undercooling and because of the melt sub-division effect, whereby there are a smaller number of potential heterogeneous nuclei in the smaller melt volume. As such there is further correspondence with theoretical models of spherulite formation based on polymeric materials [37], where such a trend has also been observed.


Figure 4. Average spherulite lamellar width as a function of cooling rate.
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In considering the origin of the spherulite structures revealed during this investigation we consider there are two possible scenarios that may have occurred:

	(1)

	
The spherulites grew directly from the melt in the form observed, comprising ordered lamellae. In this case it would seem likely that each lamellae was growing along a preferred crystallographic direction and that this direction differs from one lamellae to the next.




	(2)

	
The spherulites grew as the disorder variant of the β-Ni3Ge phase with subsequent ordering in the solid-state. In this case all of the observed lamellae are likely to have grown along the same crystallographic direction but will have distinct chemical ordering.









The apparent disintegration of secondary dendrite arms into small spherulite type structures leads us to speculate that (2) is probably more plausible than (1) in this regard, although to further distinguish between the alternatives EBSD analysis has been undertaken on freshly prepared samples, polished using 0.1 μm colloidal silica and without etching. The EBSD phase map for all samples (not shown) further confirms the XRD analysis in that all samples are completely single phase β-Ni3Ge. The grain structure for the 850–500 µm sample is very clearly revealed in the EBSD Euler map as shown in Figure 5a. This shows there are a large number of grains present, these being typically 30–50 µm in diameter. The orientation of each grain relative to its neighbours is random as shown by the histogram of grain orientations (Figure 5b). However, the interesting point to note is that, with one possible exception, discussed below, the spherulites are not visible in EBSD. This is in contrast to the SEM secondary electron images in which it is clear that each grain contains at least one spherulite. As the spherulites in this sample are of a size where they clearly could be resolved by EBSD, the inference of them not being observable is that the crystallography of the spherulites must be contiguous with the grains in which they are embedded. This is also consistent with the TEM diffraction analysis, in which we always observe sharp diffraction spots, consistent the beam being located on a region with a single crystallographic orientation. As such the available is consistent with spherulites growing as a disordered phase, with subsequent solid-state ordering. There is one instance in which a spherulite may be evident in the EBSD map, this appearing as a dark circular region (indicated by the arrow in Figure 5a) in the top right hand corner of the image which is wholly embedded within a grain of a somewhat lighter shade. However, even here, the spherulite has a uniform crystallographic orientation throughout, which would not be consistent with non-crystallographic branching.


Figure 5. (a) Electron backscatter diffraction (EBSD) result of Euler texture map of drop-tube sample size 850–500 μm (arrow indicate presence of spherulite); (b) Histogram of the correlated misorientation angle distribution across grain boundaries for the image shown in (a).
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In light of the available evidence a fairly consistent view of spherulite formation in ordered intermetallics at high cooling rate may be formed and is shown schematically in Figure 6. Rapid cooling and the division of the melt into numerous small droplets favours undercooling of the melt by an amount ΔT, with ΔT increasing as the droplets size decreases. At some temperature TN nucleation occurs, initiating the recalescence phase of solidification, during which time growth of the spherulite precursors occurs, probably at this stage as a fully disordered solid due to disorder trapping occasioned by rapid solidification. Shortly after growth of the disordered phase, probably during the plateau phase of solidification in which the solid formed during recalescence coexists with the residual liquid, partial reordering takes place, with ordered filaments growing radially outward from the centre of the crystal leaving a residual disordered material in the space between the filaments. Reordering at this time would be feasible as the temperature of the droplets will again be close to the melting temperature, as commonly observed during the solidification of undercooled melts. Heat extraction from the droplets during the plateau phase results in near isothermal solidification of the residual liquid, which because the process occurs close to equilibrium gives rise to the featureless ordered matrix in which the spherulites are embedded.


Figure 6. Schematic diagram showing proposed model for spherulite formation in β-Ni3Ge with initial growth to the disordered phase during the recalescence phase of solidification followed by partial reordering during the plateau phase.
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Within this process there are many similarities with the growth of spherulites in polymers, including that the width of the filaments is constant within a given spherulite and is a function of cooling rate during growth, with filament width decreasing as cooling rate increases. Moreover, to maintain space-filling the filaments branch at non-crystallographic angles, although in the case of the intermetallics it appears that there is a contiguous underlying crystallography and that the branch is only at the level of the chemical ordering.




3. Materials and Methods


Single phase β-Ni3Ge was produced by arc-melting elemental Ni and Ge (Alfa Aesar (Haverhill, MA, USA), 99.99% and 99.999% purity respectively) together under a protective Ar atmosphere. To ensure homogeneity of the final alloy, the arc-melting process was repeating 8 times with the phase composition of subsequent ingot being confirmed by X-ray diffraction using a PANalytical Xpert Pro (Almelo, Netherlands). Only when the material was confirmed as single phase was drop-tube processing undertaken.



Rapid solidification was affected using a 6.5 m drop-tube (see Figure 7). The alloy sample, of approximately 9.5 g mass, was loaded into an alumina crucible with three, 300 µm, laser drilled holes in the base. Prior to melting the drop-tube was evacuated to a pressure of 2 × 10−4 Pa and then flushed with N2 gas, with this process being repeated 3 times. The drop-tube was then evacuated to a pressure of 4 × 10−7 Pa before being filled to 50 kPa with dried, oxygen free N2 gas.


Figure 7. Schematic diagram of the drop-tube apparatus used in this study.
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Melting of the sample was by means of induction heating with a graphite susceptor being used for efficient RF (Radiofrequency) coupling given the small mass of metal present. The crucible containing the sample sits fully within the susceptor, which itself sits inside an alumina heat shield. The whole assembly is fixed to the top of the drop-tube via a gas tight seal so that once the desired temperature is attained (1480 K corresponding to 75 K superheat) the melt can be ejected by pressuring the crucible with 400 kPa of N2 gas. Temperature determined was by means of an R-type thermocouple mounted inside the melt crucible, just above the level of the melt.



Once cool the droplets are retrieved from the base of the drop-tube and sieved into standard size fractions between ≥850 μm and ≤38 μm diameter. It is the ≥850 μm to ≤212 μm samples that is the focus of the investigation presented here as the smaller size droplets (d < 212 μm, cooling rate > 4600 K s−1) do not display spherulite type morphologies.



The droplets were subject to XRD analysis to ensure they remained single-phase and were then mounted in transoptic resin and prepared for microstructural analysis. Sample preparation for microstructural analysis involved grinding with SiC grinding media (800–1200 SiC paper) and then polishing with progressively finer grades of diamond paste, started from 6 µm, 3 µm grade, 1 µm and finishing with a 0.25 µm grade. For EBSD analysis a final stage of polishing, using 0.1 µm colloidal silica suspension was also employed, with EBSD being performed on samples that had not been etched.



Following polishing the samples were etched using a mixture of equal parts of HF, HCl and HNO3. A Carl Zeiss (Cambridge, UK) EVO MA15 scanning electron microscope (SEM) operating in secondary electron imaging mode was used to image the microstructure of the droplets revealed by etching while an Oxford Instrument (Abingdon-on-Thames, UK) X-Max Energy-Dispersive X-Ray (EDX) detector was used to check the chemical homogeneity of the samples. Electron backscatter diffraction (EBSD) was performed using a FEI Quanta 650 FEGSEM with EBSD and KE Centaurus system (Hillsboro, OR, USA). Samples were prepared for Transmission Electron Microscope (TEM) analysis using an FEI Nova 200 Nanolab focused ion beam (FIB), with the sections cut being approximately 10 μm × 7 µm and between 55 and 70 nm in thickness. Subsequent analysis was performed using a FEI Tecnai TF20 TEM. The first stage of this analysis was to identify the location of the spherulites using bright-filed imaging, an example of which is shown in Figure 2a. Selected regions within both the spherulites and featureless matrix material were then subject to Selected Area Diffractions (SAD) analysis, with an example SAD pattern being shown in Figure 2b. Finally, given that the SAD patterns showed superlattice spots indicative of chemical ordering, dark-field images were obtained from individual superlattice spots within the SAD pattern. In this manner, only material contributing to the selected diffraction spot, in this case material displaying chemical ordering, contributes to the dark-field image.




4. Summary and Conclusions


Drop-tube processing has been used to rapidly solidify single phase β-Ni3Ge into droplets in four standard sieve size ranges from >850 μm to 300–212 μm. The corresponding range of cooling rates is estimated at 700–4600 K s−1. In the two largest sieve sizes (>850 μm and 850–500 μm) numerous isolated spherulite morphologies are observed with diameters in the range 10–20 μm. In these droplets sizes the spherulites are the only solidification morphology observed in what is otherwise a featureless background. In the smaller two sieve sizes (500–300 μm and 300–212 μm) spherulites coexist with classical dendrites, and structures are observed which consist of linear arrays of spherulites tracing out a dendritic outline. At cooling rates above those investigated here [35] observed that classical dendrite morphologies composed of fully disordered β-Ni3Ge were the only morphology present, with no spherulites being observed. We therefore postulate that the structures composed of arrays of spherulites grew initially as a dendrite of the disordered material during the recalescence phase of solidification. During the ‘plateau phase’ following recalescence, when the solid would have co-existed with the liquid, partial re-ordering then took place, during which time the dendrite arms were fragmented into the observed linear array of spherulites.



Detailed investigation using TEM diffraction analysis and dark-field imaging, combined with EBSD leads us to conclude that these spherulites have many similarities, but also some key difference, to spherulites commonly observed in polymers. The intermetallic spherulites are composed of outward radiating lamellae of near constant width which maintain space filling by branching along non-crystallographic directions. Moreover, the lamellar width is a function of cooling rate, with higher cooling rates giving finer lamellae. In this regard the spherulites observed here closely resemble Category 1 polymer spherulites. However, whereas in a polymer the lamellae would be crystalline in an amorphous matrix, here both lamellae and matrix are crystalline. Indeed, evidence from both TEM and EBSD suggests both share a contiguous underlying crystallography with the distinction being that the lamellae are the chemically ordered L12 variant of this structure while the inter-lamella material is the disordered fcc variant.
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