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Abstract

The single phase intermetallig-NisGe has been subject to rapid solidification via petuabe
processing. Droplets spanning the size range 238 #m, with corresponding cooling rates of
5800 - 54500 K'§ have been subject to microstructural investigatising SEM. Three dominant
solidification morphologies have been identifiedhwincreasing cooling rate, namely; (i) well-define
dendrites with orthogonal side-branching, (ii) déted with non-orthogonal side-branching and (iii)
dendritic seaweed. Selected area diffraction aisalgsthe TEM reveals that both types of dendrites
are the disordered form @tNizGe in a matrix of the ordered, }form. However, the diffraction
pattern from the dendritic seaweed cannot be mappé&ul a cubic structure, indicating a change in

the underlying crystallography coincident with thensition to the seaweed structure.

I ntroduction

During near-equilibrium solidification, metals tggily crystallise into morphologies displaying a
strong directionality imposed by the ‘easy’ growtilections in the underlying crystalline anisotropy
More specifically, these are directions of minimurapillary stiffness whereby the melting
temperature is most highly depressed by the GiltlmsvEon effect. Typically, this results in the
growth of structure such as dendrites, which fotatsewith an underlying cubic symmetry, will
display well developed side-arms orthogonal to pramary trunk. However, with increasing
departure from equilibrium a number of changes taymanifest in these solidification structures,

including a switch in the growth direction awayrfrdhese easy directions or a more general loss of



directionality in the solidification morphology [1The first of these typically results in a switichm

the equilibrium <100> growth direction, to growtlorrg either the <110> or <111> directions, with
the <100> to <110> transition having been obsemigdctly in the transparent analogue casting
system NHCI — H,O [2]. In such a transition the primary solidifitat morphology remains
dendritic, but the transition is evidenced by atsiwio side-branches which are no longer orthogonal
to the primary trunk [1, 3]. This sometimes ocatogcident with a break in the gradient of velocity
undercooling curve [4]. Further evidence can bevidexd by X-ray or EBSD pole-figure plots [4] or
selected area diffraction patterns from the TEMcHsa switch in the growth direction usually occurs
abruptly at a well-defined undercooling and is nalfyn attributed to a competition between
differently directed kinetic and surface energysatropies. The same mechanism is also thought to be
responsible for the more general loss in directipnaluring rapid solidification, possibly as
competing anisotropies cancel out [5]. This resitsolidification morphologies such as doublons
and dendritic seaweed. Such structures have besmaal in the transparent analogue casting system
CBr, — CCls [6], polymers [7] and metals [8, 9]. Typically shiransition is more diffuse than the
well-defined switch in growth direction, occurriggadually over a range of undercoolings or with the
transition being prefaced by a change in growthdtion [1]. Indeed, it has been demonstrated that i
certain alloys a continuous range of growth diddican be accessed prior to a transition to sehwee

type growth [10].

Within the broad class of metallic materials, in@t only solid-solution alloys that have been show
to display a dendritic to seaweed growth transjtiom also intermetallic compounds. Specifically,
Assadiet al. [11] have shown that the congruently meltingrnmietallic NiAl may undergo a dendritic

to seaweed transition at an undercooling around2®s0K when close to the congruent composition.
Close to equilibrium NiAl solidifies to the orderedibic B2 crystal structure direct from the melt.
Assadiet al. propose that it is disorder trapping during ragutidification and the loss of long range
chemical order within the intermetallic that drivdee dendritic to seaweed transition. Disorder
trapping may be considered analogous to the morglié& process of solute trapping. However,

rather than a non-equilibrium solute distributioccarring at the solid-liquid interface, increasing



solidification velocity sees progressively highevdls of chemical disorder trapped in the structure
[12]. They argue that loss of long range orderhat fast growing dendrite tip leads to an extreme
depression of the melting temperature which canskhahe interfacial stiffness. Coupled with

increased orientational disorder, which increabesfitee energy of the solid, this makes the system

behave in a low anisotropy manner.

If this model is indeed correct, other congruemtiglting intermetallics are also likely to show a
dendritic to seaweed transition under rapid satidifon conditions. The only other condition isttha
during equilibrium solidification the compound skibwrder at the liquidus temperature, such that
disorder trapping is possible. One such intermetétlat satisfies both conditions isNi;Ge. This
system has previously been studied by Ahreteal. [13] who, using a flux undercooling technique,
observed a maximum undercooling of 362 K, wherdia torresponding growth velocity was
measured at 3.55 mi'sIn common with other researchers who have detmmhithe velocity-
undercooling curves for intermetallic compoundsspas through the order-disorder transformation,
[13] observed a discontinuous break in the curvehat onset of fully disordered growth. This
condition was observed f@rNisGe at an undercooling of 168 K and at a criticalgh velocity,Vc,

of 0.22 m 8. This compares witNVe = 0.75 m 8 in Fe-18 at. % Ge [14] arid: = 3.8 m § in CoSi
[15]. Microstructural analysis of tH&NisGe system [13] revealed a transition from a cograamed
structure during ordered growth to a much finerirgrd structure once disordered growth was
achieved. However, due to the low cooling rate et during flux undercooling {0 K s%), the
original solidification morphology is likely to havbeen highly modified during post-recalescence

cooling.

In this paper we use drop-tube processing to egploe rapid solidification behaviour fNisGe.
Unlike flux undercooling techniques, drop-tube mssing provides access to high post-recalescence
cooling rates, wherein inherently unstable striegisuch as dendritic seaweed may be retained. The
objective of the work is to explore whether the diéic to seaweed transition observed in NiAl can
be replicated in any other congruently meltingrimtetallic and to throw further light of the formeti

mechanism.



Experimental Methods

According to the phase diagram of Nash and Nash ptRis;Ge is a congruently melting compound
with a melting point of 1405 K. It has a homogeye#nge of 22.5 to 25 at. % Ge and crystallizes to
the ordered fcc L12 structure. Ni3Ge also occurg-phase, a stoichiometric intermetallic with
composition 25.6 at.% Ge which forms via the petitereaction L +f - y at 1391 K. This
subsequently undergoes a further peritectic deceitipo to >-Ni5Ge2 at 1380 K [17]. However, as
y-Ni3Ge is typically only observed after extend @D ageing at elevated temperatures [18] we think

its occurrence unlikely during rapid solidificatipnocessing.

For the drop-tube experiments reported here, el&h&h and Ge were obtained from Alfa Aesar
with purity of 99.99 % and 99.999%, metals basisspectively. The alloy, of composition
Ni-25 at. % Ge, was produced by arc-melting thenelgal constituents together under a protective
argon atmosphere, with the melting process beipgated 8 times to ensure uniform mixing of the
final alloy. Following arc-melting the phase compios of the alloy ingot was checked using a

PANalytical Xpert Pro X-ray diffractometer to ensuhat single phageNi;Ge had been obtained.

The single-phasp-Ni;Ge ingot was then subject to rapid solidificatigndvop-tube processing. The
alloy sample, of approximately 9.5 g mass, wasddaitito an alumina crucible with three 300 um
laser drilled holes in the base. Induction heatihg graphite subsector was used to melt the sample
Temperature determination was by means of an R-thpamocouple which sits inside the melt
crucible, just above the level of the melt. Whea tdmperature in the crucible attained 1480 K (75 K
superheat) the melt was ejected by pressurisingringble with(1400 kPa of N gas. The resulting
spray of particles solidify in-flight whilst fallenthe 6.5 m length of the tube, which is filledb® kPa

with dry, oxygen free Ngas. Further details of the drop-tube method asengn [19].

Following retrieval of the sample from the basetldé drop-tube the powders were sieved into
standard size fractions, with the size fractioris2 2 150um, 106 - 75um and 53 — 38umn being
selected for analysis here. Using the method diyei9] the mean post-recalescence cooling rate for

these three size fractions is estimated as 5808 RG900 K & and 54500 K Srespectively.



The selected size fractions were subject to XROyaisato ensure they remained single-phase and
were then mounted in transopic resin and prepacednficrostructural analysis. This involved
grinding with SiC grinding media and then polishingth progressively finer grades of diamond
paste, finishing with a 1 um gradg:NisGe was found to be highly resistant to most chelmica
etchants normally used in metallography. The etchaad was the aggressive mix consisting equal
parts of undiluted HF, HCI and HNO3. A Carl Zeis¥ @& MAL15 scanning electron microscopy
(SEM) was used to image the microstructure of trapléts revealed by etching while an Oxford
Instrument X-Max Energy-Dispersive X-Ray (EDX) dete was used to check the chemical
homogeneity of the samples. Selected area diftnacanalysis and bright-field imaging was
performed using a FEI Tecnai TF20 Transmission tEdecMicroscope (TEM), with samples, of
approximately 1Qum x 7 pm and between 55-70 nm in thickness, beindroat the mounted and

polished specimens using a FEI Nova 200 Nanolabstedt ion beam (FIB).

Results & Discussion

The starting material for the drop-tube experimems single phasg-Ni3Ge, this being confirmed
by XRD analysis on the polished surface of theraedted ingot. It can be seen from Figure 1(a) that
all the XRD peaks may be reliably indexed to faNi3Ge phase using the ICCD reference pattern
04-004-3112. When similar material was deeply uco@ed by Ahmad et al., using a melt fluxing
technique, the resultant material remained sinbkesef-Ni3Ge [20] for all undercoolings studied.
XRD analysis reveals that the same is true duramydr cooling via drop-tube processing, with the
drop-tube powders 850 pum - 150 um [21] and 150 ul@B-um displaying peaks that can

unambiguously be associated with the Ni3Ge refergattern.

Figure 2(a) shows an SEM micrograph of a polished etched sample from the (a) 212 - 150

sieve fraction. The dominant morphology is thatlefrly defined and well delineated dendrites with
clear, orthogonal side-branching. The contrast betwthe dendrite and the surrounding matrix
material is unusual for a fully crystalline matériaith this type of contrast being more usual in a

partially crystalline-partially amorphous materid¥loreover, this contrast is not the result of



compositional differences between the dendritethrdsurrounding matrix due to solute partitioning
during solidification. The absence of solute pemiing is demonstrated in Figure 2(b) which shows
an EDX line scan perpendicular to a primary deedtitick as revealed by etching. From this it is
clear that, to within the experimental error asaed with the technique, there is no variation in
composition between the structures revealed byrggdisee Figure 2) and the surrounding featureless

matrix.
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Figure 1: (a) X-Ray diffraction analysis of an amelted sample prior to drop-tube process (black)
and three drop-tube processed powders of varyaessVertical black lines indicate peak positions

for the3-Ni3Ge reference pattern.

The origin of the contrast, as elucidated by setkarea diffraction techniques in the TEM, will be
discussed shortly. For the time being however wke ribat the TEM analysis indicates that the
material is fully crystalline. With a reduction the particle size to 106 - 7pm (Figure 3) the
solidification morphology remains dendritic but theéendrites begin to show typical rapid
solidification traits, in particular side-branchit are no longer orthogonal to the main trunk and
irregular splitting of arms as if taking on a dawbltype character. In particular, for the dendrite
towards the top of the droplet as pictured, sketcimered in Figure 3(b), the angle between the
primary trunk and the secondary arms varies betw&8rat the left of the droplet (as viewed) to 63°
at its right-hand end (mean 51.2°). Over its lertthgrowth direction of the primary trunk changes
by some 18°. Conversely, for the dendrite closthdéocentre of the droplet, sketched in blue in Fégu

3(b), the angle between the primary trunk and tmgér part of the secondary arms (also shown in



blue) is close to 45° along the whole length ofdkedrite, while for the smaller branches, emangatin
near the root of each secondary arm and showregngthe angle is close to 30°. The transition from
orthogonal to non-orthogonal side-branching witlkeréasing undercooling in a cubic system is
indicative of a change in the primary growth ditrectaway from the [100] direction that would be
expected at equilibrium and has been observechimaber of systems previously [3]. Such a change
has itself previously been observed as precursthie@hange from a dendritic to dendritic seaweed

transition [1].

We also note the very distinct curvature of thindiée, with a change in growth direction of cldee
30°. While such curved dendrites have previousnbeoted as a consequence of flow during rapid
solidification [22], the droplet size here is lilgeb be too small for this to be a plausible medéran
for the observed curvature, which may instead bdicative of a more general decrease in

directionality within the microstructure.

Figures 4(a & b) show two selected area diffracpatterns obtained from the microstructure shown
in Figure 2(a). Figure 4(a) is taken from the fealitss matrix material well away from the dendrite
and is consistent with the expected orderegdrystal structure fop-NisGe. In contrast Figure 4(b) is
taken from the centre of the dendrite. This alspldiys a cubic structure with the same latticeiggac
as the matrix material. However, the superlattipets indicative of an ordered structure are absent,
indicating that the dendrite is the disorderd farirthe material, this being a simple Al fcc random
solid solution. These observations may be integordty postulating that the dendrites are the rapid
solidification morphology and grew as the disordeferm of f-NizGe due to extensive disorder
trapping. The matrix material would then have fodrpest-recalescence, growing as the ordered form
of B-NisGe due to the much lower growth rate. The cleatrashbetween dendrite and matrix seen in
Figure 2(a) is, we believe, a consequence of et etching of the disordered phase, with the

ordered material being more resistant to the etch.



Figure 2: (a) SEM micrograph of HF etch@dNi;Ge drop-tube particle from the 212 — 15 size
fraction showing dendritic structures in a featessl matrix and (b) EDX line scan across a dendrite

trunk showing that the contrast revealed by etcisnmpt the result of solute partitioning.

Figure 3: (a) SEM micrographs of HF etch@eNizGe drop-tube particles from the 106 — 5 size
fraction showing dendritic structure with non-omjomal side-branching and (b) sketch of same

highlighting two bent dendrites with non-orthogosile-branching.
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Figure 4. Selected area diffraction patterns (SAD) from K&@ure 2a matrix materials well away

from the dendrite, (b) Figure 2a inside the deedaitd (c) Figure 3a inside the dendrite.

Figure 4(c) is the selected area diffraction patteibtained from the dendritic region in Figure 3.
Despite the now rather erratic nature of the démdniorphology, with side-branches at various angles
to their respective primary trunks and evidencdipfsplitting, the underlying crystal structure is
identical to that found in the larger droplets. AAgh, the TEM data provides clear evidence that the
change in dendrite morphology must arise from anghan the preferred growth direction within the

same crystal structure, rather than a change iseppieesent.

Finally, Figure 5 shows (a) the SEM micrograph byl the corresponding TEM selected area
diffraction pattern from a droplet in the 53 — 88 sieve fraction. The morphology is nhow clearlyttha
of a dendritic seaweed, with both multiple tip-#pig and a clear lack of directionality being esfidl.
With regard to Figure 5(b), while we have not baéfe to unambiguously index the TEM selected
area diffraction pattern, it does not conform te tH, cubic model. This would appear to indicate that
the transition to the seaweed structure is coimtidéth a change in the underlying crystal struetur
This is contrary to the accepted model for seawleeshation which postulates that, as with the
change in dendrite growth direction, the underlyimgstal structure remains unchanged. Given the
lack of evidence for any solid-solution alloy disyihg such a change in underlying crystallography
coincident with the dendritic to seaweed transijtioe are inclined to believe that this phenomenon

may be peculiar to intermetallics or possibly eteis compound (unfortunately [11] do not report



any crystallographic determination from the seawmedphology in NiAl). One possible explanation
may be that high levels of disorder in the oriantwl ordering that [11] postulate to be required f

seaweed growth results in a severe distortionettlistal lattice.
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Figure5: (a) SEM micrograph of an HF etchBeNi;Ge drop-tube particle from the 53 — @8 size
fraction showing dendritic structures in a featesslmatrix, (b) selected area diffraction pattémoms

region identified in the SEM micrograph.

Summary & Conclusion

Drop-tube processing has been used to rapidlyiokihgle phase-NizGe into droplets spanning
the size range 212 — 38n. The corresponding range of cooling rates is 53500 K &. At low
cooling rates the solidification morphology consief dendrites of the disordered phase, which are
the rapid solidification morphology, embedded withi matrix of the ordered phase which grew more
slowly post-recalescence. With increasing cooliate rthe dendrites display non-orthogonal side-
branching together with some tip-splitting, althbutpe underlying crystallography, as revealed by
selected area diffraction analysis in the TEM, nasighe same as at lower cooling rate. At the
highest cooling rates studied dendritic growth éplaced by that of dendritic seaweed. This is
accompanied by a change in the underlying crygediohy, which can no longer be modelled as
cubic, although the space group correspondingds#aweed material remains to be identified. This

is, as far as we are aware, the first instanceliithva transition from dendritic to seaweed growth



mediated purely by an increase in undercooling,de®n observed to be coincident with a change in

the underlying crystallography of the material.
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Highlights

A dendritic to seaweed growth transition is identified in rapidly solidified
Ni3Ge.

Confirmation of seaweed transition in congruently melting, cubic
intermetallics.

Transition appears to be mediated by change to non-cubic crystallography.



