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 Abstract 

The congruently melting, single phase intermetallic Ni5Ge3 has been subject to rapid 

solidification via drop-tube processing wherein powders, with diameters between > 850 to 

150 m, are produced. At low cooling rates (> 850 m diameter particles, < 700 K s-1) the 

dominant solidification morphology, revealed after etching, is that of partial plate and lath 

microstructure in an otherwise featureless matrix. At slightly high cooling rates (850 – 150 

m diameter particles, 700 – 7800 K s-1) complete plate & lath microstructure observed, 

again imbedded within a featureless matrix. Selected area diffraction analysis in the TEM 

reveals that partial plate & lath are the disordered form of έ-Ni5Ge3 in a matrix of the 

ordered (double-superlattice) form. Partial plate & lath has a very different EBSD to the 

plate & lath structure. Histogram of the correlated grain orientation angle distribution 

across grain orientation in partial plate & lath microstructure sample from the > 850 m 

fraction showing random grain orientation. However, grain orientation in plate & lath 

structure from 300 – 212 μm fraction displaying the distribution predominance of low angle 

grain boundaries.  

Keywords: rapid solidification; intermetallic compound; plate & lath microstructure. 

1. Introduction:   

There has been heightened interest in rapid solidification studies in recent times due to the 

fast progress made in addictive manufacturing techniques in which precise control of 

solidification microstructures and defects is crucial for the performance and quality of the 

product [1]. Hence studies on rapid solidification and non-equilibrium processing are 

crucial in physical metallurgy and material science due to their potential to influence 

microstructural refinement, non-equilibrium phase formation and extend solid solubility, 
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enabling design of alloys with varied compositions and improved properties. Duwez [2] 

pioneered the rapid solidification of amorphous metals in the Au-Si system. Jones [3] and 

Boettinger [4] were also able to use the rapid solidification method to cause grain size [3] 

and micro segregation [4] refinement in various alloys. These refinements have also been 

said to improve physical properties of alloys:  increases in yield and ultimate strength being 

reported by Jones  [3], Taub and Jackson reported that rapid solidification could also lead 

to increased toughness [5], while Kang et al., reported an increase in resistance to corrosion 

[6].  

Knowledge of crystal structure is an essential pre-requisite for the understanding and 

alteration of structure-property relationship. The nature of bonding in intermetallic 

compound is a mixture of ionic, covalent and metallic bonding, with the atoms of the 

individual elements commence in a preferred position within the crystal lattice, which is 

referred to as ordering. The chemical ordering of intermetallic compounds is referred to as 

having the arrangement of same element in the lattice parameter, otherwise chemically 

disordered crystal structure will be formed. The Intermetallic compounds, Ni3Al, Ni3Si, 

Ni3Fe and Ni3Ge have an ordered L12 (cP4) crystal structure and have a space group 221. 

The intermetallic compound ε-Ni5Ge3 (high temperature) has the P63/mmc crystal structure 

(hexagonal, space group 194), while έ-Ni5Ge3 (low temperature) has the C2 crystal 

structure (monoclinic, space group 5) [7]. The phase diagram of Ge – Ni system are shown 

in Figure 1 [8]. Where, the regions of ε-Ni5Ge3 and έ-Ni5Ge3 are indicated with blue and 

green arrows respectively.  



 

Figure 1: Ge - Ni phase diagram, after reproduced [8] 

In intermetallic compounds [9-11], structures of a plate and lath generously are fairly 

common. Likewise, it is also common in some iron alloys [12]. A plate & lath structures 

was observed in γ-TiAl (Hyman et al.) [9]. It is stated that this resulted from α dendrites 

transforming into solid-state during cooling, which was done to a mixture of α2 + γ laths 

that γ segregates enveloped. Plate and lath morphology were also observed in α2-Ti3Al 

(McCullough et al.). As -Ni5Ge3, α2-Ti3Al shares the P63/mmc space group [10]. 

In this article we present an analysis of rapidly solidified Ni-37.2 at%. Ge produced using 

the drop-tube technique. Rapid solidification was affected via drop-tube processing, 

wherein powders, with diameters between > 850 to 150 m, are produced.  

Experimental Methods  

The congruently melting ε-Ni5Ge3 compound occurs over the homogeneity range of 33.6 

to 42.2 at. % Ge. ε-Ni5Ge3 and has the ordered hexagonal P63/mmc crystal structure [13]. 

ε-Ni5Ge3 was made via arc-melting elemental Nickel and Germanium together under a 

protective argon (Ar) atmosphere. XRD analysis using a PANalytical Xpert Pro X-Ray 

diffractometer was conducted to verify the phase composition of the subsequent ingot. The 



drop tube apparatus worked under controlled heating and inert-gas vacuum system. It has 

the ability to produce a fine spray of droplets with undercooled metallic powder samples. 

In the drop tube apparatus, likely heterogeneous nucleation needs to be minimised by 

eliminating contaminates and impurities from the atmosphere in order to maximise 

undercooling. This is possible through a vacuum system made up of backfilled with 

nitrogen/helium, a sealed 6.5 m long chamber of drop tube, which has an integrated 

induction furnace, which has an induction coil connected to a RF generator at the top of 

the chamber. A pressurised gas system is also attached with the drop tube for the ejection 

of molten sample, which produces a final sample in the form of fine spray droplets powder. 

The sample was weighed following removal from the drop-tube and sieved into the size 

fractions; > 850 μm, to 150 μm. For each size fraction the cooling rate, calculated using 

the methodology described in [14]. 

In this article we present our results for the > 850 μm - 150 μm drop-tube samples. XRD 

analysis was performed on the drop-tube powders in order to check that the material 

remained single phase during subsequent processing. Following production the drop-tube 

the powders were mounted and polished to a 1 m surface finish for microstructural 

analysis. A 0.1 µm colloidal silica suspension was used to obtain the high-quality surface 

finish required for EBSD analysis. A Carl Zeiss EVO MA15 scanning electron microscope 

(SEM) was used for metallographic analysis. A combination of equal parts HF, HCl and 

HNO3 was used to perform the etching of samples. In order to confirm the chemical 

homogeneity of samples, an Oxford Instrument X-Max Energy-Dispersive X-Ray (EDX) 

detector was utilised. A FEI Quanta 650 FEGSEM with Oxford/HKL Nordlys EBSD 

system was used to perform Electron Back-Scatter Diffraction (EBSD) on unetched 

samples. An FEI Tecnai TF20 Transmission electron microscope (TEM) was also used to 

identify the internal structure (ordered or disordered) of partial plate & lath and complete 

lath & plate structure. Samples were prepared for TEM analysis by FEI Nova 200 nano-

lab Focus ion beam (FIB). 

2. Results and discussion 

The arc-melted ingot of single phase Ni5Ge3 compound was rapidly solidified via drop-

tube processing and powders obtained in the size range > 850 m to 150 m. Firstly, EDX 



analysis was carried out on freshly polished samples to ensure the chemical composition 

of the all ranges of drop-tube samples. For this, EDX area scanning was randomly 

performed at least 10 particles of all ranges of drop-tube samples > 850 m to 150 m) and 

measured chemical compositions were within the homogeneity range Ni – 37.2 at. % Ge 

[8]. Consequently, all ranges of drop-tube particles have the average chemical composition 

within the range of single phase, congruently melting compound, ε-Ni5Ge3.  

Samples from arc melted and all sieve fractions (> 850 m to 212 m) have also been 

subject to XRD analysis, with representative results being shown in Figure 2. By 

comparison with the ICCD reference patterns for ε- Ni5Ge3 (04 – 004 – 7364) and έ-Ni5Ge3 

(01-075-6729), confirms that the material remain fully single phase Ni5Ge3, irrespective of 

the imposed cooling rate. In this way, the largest sieve fraction (> 850 µm) of this material 

was ', while those smaller than 850 µm (850 µm – 150 µm) were . Here, ' is the 

equilibrium low temperature phase and  a retained high temperature phase. 

 

Figure 2: X – ray diffraction analysis of as cast (arc-melted) sample prior to drop-tube process 

(black), rapidly solidified sample (drop-tube processed) powder in the >850 m diameter particles 

(red) and 300 – 212 m diameter particles (blue) respectively.  



SEM was used for studying microstructures of the rapidly solidified Ni5Ge3 droplets, ranges from 

> 850 m to 150 m sieve size fractions. Two different microstructures were observed. First, 

partial plate and lath type structures (Figure 3a) were observed at low cooling rates (< 700 K s-1, 

> 850 m diameter particles). Then, complete plate and lath type structure (Figure 3b) at high 

cooling rates (700 – 7800 K s-1, 850 – 150 m diameter particles). Nevertheless, in other materials 

that display the plate and lath structure, such as Ti3Al, it is apparent that this specific morphological 

composition is caused by the differences in phases that are contrasting.  

The material being discussed here is single phase, so it is clearly a different case. In the case of a 

congruently melting compound the contrast would not be expected to arise from solid composition 

differences. The absence of solute partitioning is established in Figure 3c. This figure displays an 

EDX line scan that goes across a part of the isolated plate and lath morphology. From this we can 

deduce that, within the technique’s experimental error, only small compositional variations exist 

between the surrounding matrix that is without features and the structures revealed by etching. 

Consequently, the contrast that is shown by the etching process does not appear to be related to 

differences in the phase composition of the samples. Nor does it appear to be related to the EDX 

chemical composition. 

   
  

 

(a) (b) 



 

Figure 3: (a) SEM micrograph of HF etched Ni5Ge3 drop-tube particle from (a) the > 850 µm size 

fraction showing numerous partial plate & lath structures (b) from the 300 – 212 µm size fraction 

showing complete plate & lath structures in a more-or-less featureless matrix and (c) EDX line 

scan across the diameter of droplet from the 300 – 212 µm size fraction, showing that the contrast 

revealed by etching is not the result of solute partitioning. 

 

EBSD Euler map was used to study the grain structures of observed microstructure (partial plate 

and lath and complete plate and lath structure). For this, drop-tube sieve size fractions > 850 m 

to 150 m ranges have been undertaken on freshly prepared samples, polished using 0.1 μm 

colloidal silica and without etching. The grain structure for the > 850 m to 150 m sample are 

very clearly revealed in the EBSD Euler map, as an example of two selective size fractions > 850 

m and 300 – 212 μm of partial plate & lath and complete plate and lath microstructure samples 

are shown in the Figure 4a & 4c respectively. The EBSD images show no evidence of either the 

partial plate & lath or complete plate & lath morphologies visible in the SEM images. Also, it 

suggests that the plate and laths have the same crystallographic orientation as the background. For 

the partial plate and lath microstructure sample size fractions > 850 m, the orientation of each 

grain relative to its neighbours are largely random with some additional components of high angle 

as shown by the histogram of grain orientations in the Figure 4b. In contrast, for the complete 

(c) 



plate and lath microstructure sample size fractions 300 – 212, the orientation of grain relative to 

its neighbours are looks predominantly low angle grain boundaries (LAGB) as shown by the 

histogram of grain orientations in the Figure 4d.  

 

 

Figure 4: (a & c) shows EBSD results of Euler texture map of unetched Ni5Ge3 drop-tube particles 

from the > 850 μm particle size (partial plate & lath structure) and 300 – 212 μm size (complete 

plate & lath structure) respectively and (b & d) shows the histogram of the correlated 

misorientation angle distribution across grain boundaries for the images shown in (a & c). 

 

In order to understand the origin of morphologies (partial plate & lath and complete plate & lath 

morphologies) revealed by etching in the rapidly solidified Ni5Ge3 drop-tube samples TEM 

imaging and selected area diffraction (SAD) analysis has been performed and results of partial 

plate & lath morphology are shown in the Figure 5 and the results of complete plate & lath 

morphology are shown in [15].  

(a) (b) 

(c) (d) 



 

We note firstly, that the indexing of the TEM-SAD pattern as shown in Figure 5, confirms the 

XRD identification, reported above, of this sample as being . Moreover, it is only in the 

featureless matrix materials that the super-lattice spots are apparent (Figure 5b).  These spots 

appear far away from the partial plate & lath as well as from the complete plate & lath structures. 

Interestingly, there are two kinds of superlattice spot observed in Ni5Ge3 compound. Double 

superlattice spot observed in the partial plate & lath structure which can be clearly seen in the 

Figure 5b and single superlattice spots as observed by [] for the ordered variant of the -phase. 

From the above phase identification, we may conclude that the double superlattice reflections 

shown in Figure 5b are characteristic of the monoclinic -phase, while the single superlattice 

reflections are characteristic of the hexagonal -phase. However, consideration of the difference 

in chemical ordering between the  and  structures resulting in single and twin sets of superlattice 

spots is beyond the scope of this paper, here we note only that both indicate the featureless matrix 

material is chemically ordered. In contrast, if the super-lattice spots are not apparent in the SADP 

of either the partial plate & lath or the complete plate & lath regions, then it indicates that the 

material is chemically disordered (Figure 5c). Therefore, it is possible to conclude that the contrast 

revealed by the etching is due to a chemical ordering that is incomplete. In this case, the etchant 

affects the disordered material and leaves intact the ordered material. Similar behaviour also has 

been observed in the compound Ni3Ge [16, 17] and is consistent with the known chemical 

resistance of ordered imtermetallic compounds.  

   

Figure 5: (a) TEM bright field image of a plate & lath structure and surrounding matrix material 

in a > 850 µm size fraction, (b and c) selected area diffraction patterns from regions (i) and (ii) 

(a) (b) (c) 



identified in the bright field image (i) matrix materials well away from the partial plate & lath 

structure, (ii) inside the structure. 

Ni5Ge3 is a congruently melting compound with a homogeneity range of 34.6 – 44.5 at. Ge for the 

single-phase compound. The Ge-deficient end of this range at 37.2 at. % Ge and 1458 K is where 

the congruent point is located. Ni5Ge3 has two equilibrium crystalline forms, ε and ε' [8] [7]. ε' is 

the low temperature phase with a C2 crystal structure (Monoclinic, space group 5). In contrast, ε 

is the phase of high temperature. It has a P63/mmc crystal structure (Hexagonal, space group 194) 

[7]. The transition between the two occurs either congruently (ε  ε') at 670 K for Ge-rich 

compositions or via the eutectoid reaction ε  ε' + Ni2Ge at 560 K for Ge-deficient compositions. 

The phase diagram does not show order-disorder transitions. Furthermore, there is no evidence 

(apart from this study), as far as we know, as to whether the high temperature ε phase orders 

directly from the liquid or below the liquidus temperature via a solid-state transformation.  

So as to determine if the ordering process happens in the solid-state or upon solidification at the 

liquidus temperature, differential scanning calorimetry (DSC) was used (Figure 6a). The results 

show that two low temperature transformations are evident. As anticipated for materials at 37.2 at 

% Ge, we can see from the phase diagram that the first transformation is likely to be the   ' + 

Ni2Ge eutectoid as it appears to be 300 – 320 °C. Interestingly, the largest drop-tube sieve fraction, 

powders > 850 m, are characterized as being single phase '. This indicates that the system was 

forced to go through the congruent   ' transition by a cooling process that was rapid enough to 

suppress the   ' + Ni2Ge eutectoid. The second low temperature transition that is apparent in 

the DSC is different. It is shown to be 460 – 540 °C, which could be associated to an order-disorder 

transformation that would have occurred in the high temperature -phase. 

In order to acquire a confirmation of this, an in situ heating experiment was conducted in the TEM. 

A region that was initially ordered was chosen. This corresponded to the featureless matrix 

material. It also corresponded to the already identified SAD pattern so as to ensure that the material 

was ordered (Figure 6b). A heating process was used in a progressive manner until the point when 

the super-lattice spots had vanished entirely. This indicated that the material had changed entirely 

to the disordered phase (Figure 6c). By then, the temperature had reached 485 °C and in agreement 

with the peak that was shown in the curve of the DSC.  



As a consequence, it is apparent that in the Ni-37.5 at.% Ge compound, the disordered variant of 

the high temperature -Ni5Ge3 phase constitutes the primary solidification phase. In the cooling 

process, there would be an expectation that this primary solidification phase would go through a 

solid-state transformation from disordered to ordered at approximately 485 °C. However, it also 

shows that ordering could be partially suppressed via cooling at rates in excess of 700 K s-1. The 

suppression of a change to ε' would also occur at these cooling rates, in turn, this would result in ε 

that is retained and metastable at room temperature Additionally, it is apparent that the suppression 

of low temperature '-phase transformation does not occur for cooling rates below 700 K s-1. This 

suppression could be brought about forcefully through the   ' transition that is congruent 

instead of the   ' + Ni2Ge eutectoid reaction.  

 

 

(a) 



  

Figure 6 (a) DSC trace from a Ni5Ge3 drop-tube particle from the 150 – 106 μm size fraction, 1st 
and 2nd cycle indicated by green and blue respectively, two vertical black line shows the transition 

temperature at 320 to 460 °C and (b) TEM (In-situ) SAD pattern taken from featureless matrix at 

room temperature (ordered) and (c) SAD of the same area but at 485 °C (disordered). 

These results raise an additional question that relates to why Ni5Ge3 compound simultaneously 

displays ordered and disordered regions when such ordering is occurring via a solid-state reaction. 

In a previous paper we showed that Ni3Ge also showed a mix of ordered and disordered regions 

[]. However, Ni3Ge orders direct from the liquid and in this case the explanation was that the 

disordered compound formed during the rapid, recalescence phase of solidification, while slower 

post-recalescence growth gave rise to the ordered compound. Of course, in Ni5Ge3 such an 

explanation is not tenable because, as shown above,  disorders above 485 °C. However, such an 

observation is consistent with solid-state ordering, if such ordering occurs via a first order 

transformation. Both first and second order ordering reactions can show partial ordering, but these 

are of a different character. In a 2nd order transformation, partial ordering means all the material 

shows some degree of partial order (i.e. with order parameter,  < 1). In contrast, 1st order partial 

ordering means some regions are fully ordered and some disordered. This is possible due to the 

transformation proceeding via a nucleation and growth mechanism. In this case rapid cooling 

would supress either the nucleation or (more likely) the growth stage of the ordering reaction, 

leading to the observed mixed morphology of ordered and disordered regions.  

 

(b) (c) 



In contrast, the suppression of a spontaneous, second order, ordering could not occur in this way 

and would not give rise to the observed mixed morphology of ordered and disordered regions.  

3. Summary & Conclusion 

The congruently melting, single phase, intermetallic compound ε-Ni5Ge3 (Tm = 1185 °C), of 

composition Ni-37.2 % Ge, was successfully produced and then the compound was subjected to 

rapid solidification via drop-tube processing. During such processing the compound remains fully 

single phase ε-Ni5Ge3/ έ-Ni5Ge3, irrespective of the imposed cooling rate. Rapid solidification of 

the congruently melting intermetallic compound ε-Ni5Ge3 has revealed a range of solidification 

microstructures, imbedded within a featureless matrix. The solidification microstructure, which 

evolve with increasing departure from equilibrium are as follows: 

(i) Partial plate and lath microstructure (d  850 μm,  700 K s-1), 

(ii) Plate and lath microstructure (d = 850 – 150 m diameter particles, 700 – 7800 K s-1 

In the lowest cooling rate  700 K s-1, (d  850 μm) the low temperature έ-phase was observed, as 

expected, upon cooling to room temperature, albeit that the eutectoid formation of the Ni2Ge 

compound was supressed. The dominant solidification morphology, revealed after etching, is that 

of isolated partial plate and laths within a featureless matrix. In all powder sizes except the largest 

sieve fraction (d > 850 m) the high temperature -phase was found to be retained upon cooling 

to room temperature. Selected area diffraction analysis in the TEM reveals that the partial plate 

and laths and plate and laths are the disordered variant of έ-Ni5Ge3 and ε-Ni5Ge3 respectively, 

whilst the featureless matrix of both microstructures are the ordered variant of the same compound.  

Differential scanning calorimetry (DSC) indicates two low temperatures transformations. The first 

of these appears between 300 – 320 °C and is likely to be the   ' + Ni2Ge eutectoid 

decomposition. The second appears to be in the range 460 – 540 °C and we postulate may be 

associated with the order-disorder transformation in the high temperature -phase. An in situ 

heating in the TEM also indicated a solid-state order-disorder transformation between 470 - 485 

°C, with the material transforming to the fully disordered phase above 485 °C. When DSC data 

and an in situ heating in the TEM analysis is combined with microstructural analysis, it is possible 

to conclude that for Ni5Ge3 ordering takes place via a first order solid-state transformation, which 

can be partially supressed by rapid cooling. Moreover, as the ordered variants of both compounds 



are more resistant to chemical attach than the disordered variants, the morphology of the disordered 

regions can be revealed by using an aggressive (HF-based) etch.  
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