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Abstract

In a previous paper (Castle EG, Mullis AM, Cochr&te Acta Materialia
2014;66:378-387), we employed a melt fluxing tegnmito study the velocity-
undercooling relationship and microstructural depetent of a Cu-8.9 wt.% Ni alloy in
order to investigate the fundamental mechanismnikthie rapid solidification
phenomenon of ‘spontaneous grain refinement’. Almemof growth transitions were
identified with increasing undercooling, includiag extended dendrite orientation
transition through: fully <100>-oriente¢t multiply-twinned, mixed <100>/<111>-
oriented-> fully <111>-oriented. Here, we present the resoiltan identical study into
in to a Cu-Ni alloy of lower Ni content and obseevsimilar set of growth transitions,
with some notable differences. In particular, altof three distinct grain refinement
mechanisms have been observed between the twa alh@juding; recrystallisation,
dendrite fragmentation and dendritic seaweed fragatien. It appears that the
mechanism selected depends strongly upon the atigiowth structure present, which
we suggest is dictated by the balance betweenajhilazy and kinetic anisotropies;
with the addition of Ni to Cu either increasing #teength of the kinetic anisotropy,
decreasing the strength of the capillary anisotropy combination of both. The
unambiguous identification of three different s@or@ous grain refinement mechanisms
in two closely related alloys is significant asniay help to resolve some of the debate

surrounding the ‘true’ grain refinement mechanism.

Keywords: Rapid solidification; undercooling; dendrite growtlendrite orientation

transition; spontaneous grain refinement



1. Introduction

‘Spontaneous grain refinement’ is a rapid solidifion phenomenon observed in
metals, in which abrupt transitions between coatdemnar and fine equiaxed grain
structures are observed at well-defined valuesxdetcooling AT*. In general, for pure
metals (e.g. [1-3]), one grain refinement transiionbserved at highT; whilst for

alloys (e.g. [4-7] ), two grain refinement transits occur, with an additional transition
at lowAT and columnar growth stabilised at intermedigife First reported in 1959 by
Walker [8] for bulk undercooled Ni, spontaneousigrafinement has received a large
amount of interest, since it demonstrates thahgefinement can be achieved in a way
which is intrinsic to the solidification processatf. This therefore provides an attractive
alternative to the conventional chemical or meat@nneans of producing grain
refined metals, offering significant commercial gratial. Furthermore, since the onset
of spontaneous grain refinement alters or remdwvestiginal growth structure,
continuous measurements of the original dendriigtlescale cannot be made as a
function of undercooling (and, by extension, growtocity). This therefore presents
problems for the modelling of rapid dendrite grovwgimce there is a subsequent lack of
data on which to base and test mathematical mao@lglsuch, many studies have been
undertaken in order to elucidate the fundamentahaeism behind spontaneous grain
refinement. Theories have ranged from: cavitatiothe melt, leading to copious
nucleation ahead of the solid-liquid interface [&yrtial remelting of secondary and
tertiary dendrite branches [9]; recrystallisati@n 10, 11]; dendrite fragmentation [12-
14]; surface energy driven remelting and fragmemtadf dendrites [15] and; a
transition to dendritic seaweed growth followedragid remelting at the split dendrite

junctions during recalescence [16]. However, th&tresting and conflicting evidence



produced by different studies has resulted ingel@mount of debate on the matter,
with no individual model able to provide a compleiglanation for the behaviour

observed.

In a previous paper [17], we employed a contaigsriaelt-fluxing technique to
undercool and rapidly solidify a Cu-8.9 wt.% Niall A careful study of the evolution
of microstructure and texture with increasing urdeting/solidification velocity was
then undertaken in order to further elucidate ttaéngrefinement mechanism. An
extended transition in growth orientation was obsdy with normal, <100>-oriented
growth dominating at lowhT and anomalous, <111>-oriented growth dominating a
high AT. Within the intermediate undercooling range, cbepeting anisotropies of the
two growth directions were observed to give riseniged-orientation dendrites,
dendritic seaweed ‘branches’ and twinning; withesal’samples exhibiting multiply
twinned growth [17]. Further analysis of these g relationships will be presented
in a separate paper in due course. Upon the olzb&aesition to fully <111>-oriented
growth, a transition to a coarse dendritic graintire was observed. This was
coincident with a positive break in the gradientha growth velocity vs. undercooling
curve; indicating that the <111>-oriented growths\viaster than the <100> growth it
replaced. Microstructural analysis indicated thairgrefinement at low undercooling
had occurred via a recrystallisation mechanism|stvat high undercooling, a partially
grain refined sample was obtained, in which the tsublire of the non-grain refined
portion consisted of dendritic seaweed; suggeshiagseaweed is the precursor to grain

refinement at high undercooling in this alloy.



Such an extended transition in growth orientatioth tat previously been reported as a
function of undercooling. Abrupt, growth velocitpercooling-mediated switches in
preferred growth orientation have been reportedainsparent metal analogue systems
[18, 19], in strongly faceting Ge-Fe [1] and in So-[20]; and an extended ‘Dendrite
Orientation Transition’ (DOT) has been experimdgtahd computationally observed
by Dantzig et al. [21] as a function of increas#gcontent in Al. Here, <100>-oriented
growth is observed for low Zn content and <110>wted growth is observed for high
Zn content. At intermediate Zn concentrations,dlose competition between the
differently-directed anisotropies is observed teegiise to textured, seaweed-like
structures. It is subsequently suggested that gakwanisotropy of the solid-liquid
interfacial energy of Al is altered by the additiminZn, which has a relatively high
interfacial energy anisotropy. This reinforced timelings of Haxhimali et al. [22], who
had previously reported that changes in the contipasilependant interfacial
anisotropy parameters could lead to changes irpesf growth orientation; accounting
for the atypical dendrite growth directions obseéruesome FCC alloys [23-26]. Within
this work, an orientation selection map was produeghibiting a region of <100>-
oriented growth, a region of <110>-oriented growthl a region of parameter space in
between the two orientations in which ‘hyperbramntistructures were observed. When
the corresponding data of several pure FCC mdtals (- [27]) were plotted onto this
orientation selection map, it was shown that sd\adrnese metals lie close to the
<100>-hyperbranched boundary — including Cu andl'Nis might therefore suggest
that the growth orientation transition observedun previously investigated Cu-Ni
alloy may, at least in part, be due to the alteratf the interfacial energy anisotropy of

Cu by the addition of Ni.



Alternatively, the orientation transition may beedo the increasing influence of the
kinetic anisotropy over the solidification processthe growth velocity is increased. If
sufficient influence is gained, the kinetic anisgy may compete with, and then
override, the capillary anisotropy; perhaps accogrfor the observation of a mixed
orientation regime, followed by the transition tdly <111> oriented growth. At the
highest velocities recorded; the subsequent, siyaaminant kinetic anisotropy may
then account for the final observed transitiondavgeed growth. Bragard et al. [28]
have shown that a sufficiently high kinetic anisply can lead to a transition to
dendritic seaweed growth in the vicinity of thé* transition; however, it is noted that
this is only when set to unrealistically high vau@s such, our observation of seaweed
growth suggests that either the model is in someflaaved, or that other factors may
be contributing to the development of these grawstabilities. Since it has been
shown that the effective crystal anisotropy of¢i41> orientation is weak [29] it may
be that the transition to this orientation, in conabion with the increased kinetic
influence, is enough to induce a transition to ssshgrowth. Alternatively, it may be
that a combination of increased kinetic effect andaltered interfacial energy
anisotropy (as discussed above with regards tavthike of Haxhimali [22] and Dantzig
et al. [21]) is giving rise to the growth orientatitransition and seaweed growth

observed in our previous work.

In order to investigate our previous findings furthibe present report details the results
of an identical study into a Cu-Ni alloy of lower dbntent. A comparison of the results
of the two studies is then given, in order to exaarthe effect of Ni concentration on

the observed growth transitions, and a discussisalsequently provided in

consideration of the possible contributing factorghe behaviour observed.



2. Material and methods

The methodology employed in the present reportépare, characterise, undercool and
analyse samples of Cu-Ni alloy is near identicahtt of our previous study. Hence,
whilst a general outline is presented herein, #aeler is referred to the former paper

[17] for a more detailed description of the expeximtal method.

High purity Cu and Ni powders (99.999 % metals $&sim Alfa Aesar) were weighed
and mixed to a composition of Cu-5 at% Ni (Cu-4.624Wi), compacted into pellets
and then melted to produce a slug of alloy. Xd#fraction (XRD) patterns obtained
from the alloy confirmed that a sufficient degrédnomogeneity had been achieved via
this method, and indicated the presence of a samadlunt of NiO. Inductively coupled
plasma — optical emission spectroscopy (ICP-OESlyai¥ confirmed a final
composition of Cu-3.98 wt.% Ni, whilst light elenterombustion (LEC®) analysis
indicated a residual oxygen concentration of 0.24%. A 1.826 % weight loss was
noted following arc melting, which can accounttioe discrepancy in the final alloy
composition. As discussed in our previous papersthall amount of oxygen/NiO
identified in the sample is not considered to lw@rcern, since it is expected to
partition out ahead of the solid liquid interfagelanto the glass flux during successive
fluxing cycles. For example, Mulls et al. [30] refsal a decrease in the residual oxygen

content of as-received high purity Cu by one oafeanagnitude following melt fluxing.

2 |CP-OES and LEC®analysis performed by LSM Analytical Services

7



Small, 5-7 mm diameter droplets of the preparealyadlug were then ultrasonically
cleaned in a warm aqueous solution of ammonium pelisxlphate to remove any
surface oxides or impurities. Each sample was pih&ced in a small fused-silica
crucible and subjected to repeated heating andngpoycles via the induction heating
of a graphite susceptor. Temperature was closehjtored via an r-type thermocouple
positioned at the base of the crucible. Each erpart was performed under a 500 mbar
inert N, atmosphere, contained within a stainless steel vaahamber. Samples were
isolated from the crucible walls by suspension dewatered 40% N&iO; — 60%

B,O3 glass flux, in order to significantly reduce thewber of potent heterogeneous
nucleants present and subsequently attain a laggeeef undercooling. Each cycle
consisted of superheating to 130 K above the dxuiin liquidus temperature of the
alloy (T) = 1385 K), holding at this temperature for 15 ramd then slow cooling, at a
rate of 10 K mift, until the sample spontaneously nucleated. Theéeature at which
recalescence was observed was then recorded intordalculate the degree of
undercoolingln situ observations of the solidification process are nyaubsible
through careful arrangement of the equipment; aittewing window incorporated
into the vacuum chamber and slots cut into theeqiec and alumina radiation shield at
the height of the sample. During solidificationrfrahe undercooled melt, the
progression of the solidification front could thieme be tracked during recalescence
using a high speed camera (up to 15 000 fps); awdidification velocity, V, calculated
from the resulting images. As such, each heatimdifog cycle generates a WT data
point, allowing the VAT relationship to be examined. Each experimentistets of

approximately 6 cycles and generated one underdalvtgplet for further analysis.



Samples, undercooled to varied amounts, were thigilected to microstructural and
texture analysis using: light microscopy, SEM seewpetlectron imaging and XRD
pole figure analysis, as described in our previgayser. The evolution of microstructure
with increasing undercooling could then be asseasddtcompared to the high-Ni alloy

previously investigated.

3. Results

3.1. M€t fluxing investigation into the Cu-3.98 wt.% Ni alloy

The velocity-undercooling curve obtained for the 88 wt.% Ni alloy is shown in
figure 1. Error bars have been plotted, taking atoount the human and instrumental
error associated with the calculation of the stdtion velocity from high-speed
images of the growth front. These are represerged2® % of the reported value for
consistency with our previous work. Maximum undetowgs of up toAT = 216 K have
been achieved, corresponding to growth velocitfasodo 93 m €. A power law trend
has been fitted to the full data set for ease ofpanieon with the high-Ni alloy
previously reported. A positive departure of theadeom this trend can be seen at
undercoolings of aroundT ~ 200 K (V= 40 m &), consistent with that reported for the
high-Ni alloy. However, for this data set, it idfaiult to unambiguously define the
position of the break in the trend, based uporitiear plot of the data. For both this
alloy and the Cu-8.9 wt.% Ni alloy, the power laemnd initially proceeds with AT
exponent of close to 2; hence a ¥F plot has been investigated for the data sets of
both the high and low Ni alloys (figure 2). Thi®opteveals a good degree of

proportionality between V antiT?, and indicates clear positive breaks in both dats.



For the Cu-3.98 wt.% Ni alloy, the break occurspgraximatelyAT ~ 192 K (V= 31

m s%); whilst, for the Cu-8.9 wt.% Ni alloy, the breaganirs at aroundT =~ 204 K (V=
29 m §"). The overall V -AT? trend for both alloys is very similar, and appearbe
shifted to lower undercoolings with a decreaseiigdtent. Since the break in the V -
AT trend of the high-Ni alloy was found to corres@da a transition to <111>-oriented
growth, the existence of a similar break in thesprdly investigated low-Ni alloy,
suggests that a similar transition may have takacep A positive break due to the
transition to <111> growth is further supportedtbhg work of Gudgel and Jackson [19],
who noted that a similar transition, occurring mRCC metal analogue system, was
accompanied by a sharpening of the dendrite tipsabdequent increase in growth

velocity.

In order to further investigate the presence of gioyvth transitions, a detailed
examination of the microstructural and texture atioh with undercooling has been

undertaken, the results of which are summariséigjume 1.
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Figure 1. Growth velocity (V) as a function of undercoolingT() and a summary of the growth
transitions observed with increasing undercooln@u-3.98 wt.% Ni plotted against batfit
and V. The uncertainty in the exact position ofteeansition is indicated by the regions in
which there are colour gradients, which repredemetxtent of the unmeasured range of

undercooling, i.e. no undercooled droplets have lee@mined within this range.
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Figure2.V - AT? plot for both Cu-3.98 wt.% Ni and Cu-8.9 wt.% Nlbgs.

3.1.1. Grainrefined structuresfor AT <36 K

At very low undercooling, solidifying samples dat misplay any visible recalescence
and hence measurements of undercooling and sodtidn velocity cannot be made. At
the lowest undercooling detectedl(= 36 K), a sample was obtained in which a grain
refined microstructure is observed. It can be agslthat a region of stable dendrite
growth precedes this grain refinement regime, basdtie fact that stable dendrite
growth would at least be expected under equilibrgrowth conditions. Figure 3 shows
the internal microstructure of this droplet, botlhe surface and within the centre of it.
Dendrite fragments can be seen at the surface hvelpipear to exhibit secondary arms
at 90° to the primary; suggesting that normal, <t6@ented growth took place

initially. Within the centre of the droplet, a largrain structure consisting of small

subgrains is observed — akin to that reported irhitle-Ni alloy previously
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investigated. However, in this instance, no contirsuonderlying dendritic substructure
is observed. Instead, fragmented dendrite ‘conesegaident, with the low-angle
subgrain boundaries most likely formed due to tlglhsmisorientations between them.
The {200} pole figure taken from this sample (figu8 inset) indicates the presence of
at least three unrelated grains, confirming theahsinuity of the substructure between
them. As such, in contrast to the recrystallisatr@chanism reported for the Cu-8.9
wt.% Ni alloy, the low undercooling region of gragfinement in this alloy appears to

take place via the fragmentation of <100>-orierdeddrites.

Figure 3. Micrographs of a randomly-sectioned Cu-3.98 wiiPblroplet undercooled AT =

36 K. (Left) DIC image of fragmented dendrites adplet surface; (right) bright field image of
fragmented dendrite cores, large grains and fibgsin boundaries at centre of droplet;

(middle inset) {200} pole figure showing the preserof at least three unrelated grains.

3.1.1. Singlegrained <100>-oriented dendritic structures between 37 K <

AT <72K

The microstructure of undercooled droplets coll@@AT = 53 K (figure 4) andT =
61 K reveal a return to stable dendritic growtluadercooling is increased. The

orthogonality of the secondary dendrite arms topifiary trunks suggests that growth
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took place along a preferred <100> growth directitexture analysis confirms the
single grain nature of these droplets, with onlg eet of poles observed on the {200}
pole figure (figure 4 inset). This is in contrasthe high-Ni alloy previously
investigated, which exhibited a transition to tBdold’ mixed-orientation growth

regime immediately following the first region ofagn refinement.

Figure 4. Optical bright field micrograph of a random sectafrthe interior microstructure of a
Cu-3.98 wt.% Ni droplet undercooled hy = 53 K; showing a single grain microstructure
consisting of orthogonal, <100> type dendrites. J2@0} pole figure taken from this sample is

inset, showing one set of poles associated witlsithgle grain morphology.

3.1.2. Mixed orientation structuresbetween 72 K < AT <200 K

As the undercooling is increased further a tramisitdo a mixed orientation regime,
similar to that reported for the high-Ni alloy,abserved; occurring somewhere between
61 K<AT <72 K. Up to (at least)T > 183 K, nucleation points could be observed on
the surface of the droplets (figures 5 and 6). Digeglemanating from these nucleation

points exhibit features of mixed-orientation growithth secondary arms growing at
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both orthogonal and non-orthogonal angles to timaay branch. The seaweed
branches reported in our previous paper are alsereéd within the mixed orientation
regime of this alloy (figure 5 bottom, feature Bpwever, a much broader range of
split-branch morphologies are present; each of vhittially stems from a diverging
split primary dendrite branch and then developsrigseeondary arms of varied
morphologies, including: orthogonal and non-orthajaendritic (figure 5 top,
features 1 & 2), parallel dendritic (figure 5 bottdieature 1), and seaweed. In contrast
to the high-Ni alloy, no distinct symmetry patteamn be explicitly deduced for any of
the nucleation points observed, and therefore ol to ‘6-fold’ transition is seen. In
our previous paper we suggested that this wasatideof the transition between
<100>-dominant and <111>-dominant growth. Howewgih) increasing undercooling,
such a transition does still appear to be occursimge pole figures obtained from
samples at lower undercoolings exhibit strong pokss to the centre of the {200} plot
(figure 7), whilst those at higher undercooling dxhpoles in the centre of the {111}

plot (figure 6).

In addition, no instances of multiple twinning haeen identified in any of the samples
investigated for this alloy. Each sample, underedatithin the mixed-orientation
regime and subjected to texture analysis was, haweuend to be twinned about one
of the {111} planes; an example of which can bendeam the inset pole figure of

figure 6, a sample undercooled Ay = 148 K prior to nucleation. Two sets of poles ar
evident from this pole figure, indicating the pnese of at least two large grains, with
one pole shared between the two. Since this sangdesectioned parallel to the growth
direction and the shared pole is not the one obdatthe centre of the pole figure, this

suggests that the sample is twinned about oneeadébondary dendrite growth
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directions. As growth has proceeded from a singlatpthis suggests that twinning has
occurred during the growth of a secondary dendrite. The interior microstructure of
this droplet is also shown in figure 6, and is esentative of the large
dendritic/seaweed grain structure observed in sesnphdercooled within the mixed-
orientation regime. Wavy grain boundaries are olexkrwith the substructure
appearing to traverse these, and the occasionpaltitilg’ grain (as indicated by the
arrow) is seen, indicative of significant grain bdary migration in the solid state.
Since grain boundary migration is enhanced at &eM@mperatures, it is likely that

this occurred during cooling from the high temperes reached during recalescence.
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Figure5. (Top) Nucleation point (arrow) on the surfaceadfu-3.98 wt.% Ni droplet
undercooled bAT = 119 K, demonstrating two distinct forms of digeg split primary
dendrite branch (features 1 and 2). (Bottom) Numegoint on the surface of a droplet
undercooled bAT = 117 K showing a split primary dendrite brangtwihich inner secondary
arms bend to grow parallel to the primary (featlrand a <100>-type seaweed branch, as

identified in our previous paper (feature 2).



Figure6. (Left) Through-focused micrograph of the nucleatpmint evident on the surface of a
Cu-3.98 wt.% Ni droplet undercooled by = 148 K. (Right) Optical micrograph of the intri
microstructure of the droplet, showing coarse diénffeaweed grains and significant grain
boundary migration, as indicated by the wavy glmaondaries and the presence of a ‘floating’
grain (white arrow). (Inset middle) Associated {}Jble figure indicating the presence of at
least two grains, which are twinned about one ef{fti1} planes (indicated by the yellow
circle), and where a strong pole is observed ircémre; indicating a dominant <111> growth

orientation.

Figure7. {200} pole figure obtained from a Cu-3.98 wt.% ttioplet undercooled AT = 100
K and sectioned (as close as possible to) patallble growth direction, showing a sharp pole close

the centre, indicating a dominant <100> growth cio.
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3.1.3. Grainrefined structuresfor AT > 184 K

As the undercooling is increased, a spontaneous ggiinement transition occurs
somewhere within the undercooling range 184 KT < 201 K, coincident with the
break in the V AT curve. Since a dominant <111> orientation waeole] in the
mixed orientation regime prior to this transiti@md since there is a positive break in
the V -AT relationship, this suggests that a transitiofagter, fully <111>-oriented
growth has taken place. However, as the originavtr structure has been replaced by
the refined grains, this is difficult to confirm enostructurally. Droplets collected
betweemAT = 201 K and the maximum achieved undercooling Dt 216 K are all
grain refined and exhibit similar microstructurébe interior and exterior
microstructure of thaT = 216 K droplet is shown in figure 8, along witie {111}

pole figure obtained from this sample. This potgife shows numerous random,
unrelated sets of poles, confirming the presen@elafge number of randomly oriented
grains. The interior microstructure of this droiegure 8, right) reveals an average
equiaxed grain size of around 2@ in diameter. The substructure of these grains
appears to traverse some of the grain boundariesdball, and is dendritic in nature.
However, the morphology of these dendrites is wnclmaking it difficult to determine
the character of the original growth structure.rfrithe micrograph of the droplets’
surface topography (figure 8, left) a fragmenteddiiée structure can be seen; with
each fragment constituting a single grain. It tfremeeappears that the high undercooling
region of grain refinement in this alloy arisesnfrthe fragmentation of dendrites;
which, as discussed, are most likely of <111> daton. This is in contrast to the high-

Ni alloy previously investigated; in which a largerefined grain structure was
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observed upon the transition to fully <111>-orieh¢gowth, and whereby the precursor

to spontaneous grain refinement was found to bdridtenseaweed.

Figure 8. (Left) Light microscope image of the fragmenteddiée structure observed on the

surface of a grain refined Cu-3.98 wt.% Ni dropietiercooled by T = 216 K. (Right) DIC
micrograph of the interior grain structure of themlet, showing refined dendritic grains. (Inset

middle) {111} pole figure obtained from the sampleowing a large number of poles.

4. Discussion

In summary, the growth transitions observed inpifessent study of a Cu-3.98 wt.% Ni
alloy are similar to that observed in the Cu-8.924vNi alloy previously investigated
[17]; with an extended transition in growth oridiaa, from <100>-oriented at low
undercooling to <111>-oriented at high undercoolidgwever, there are a few key
differences worth noting. With increasing underaog) the low-Ni alloy appears to

transition through:

» Single-grained <100> dendritie grain refined from a fragmented <100>

dendrite precurscs single-grained <100> dendritie large, mixed

20



<100>/<111> oriented, twinned grairsgrain refined from a fragmented <111>

dendrite precursor,

whilst the high-Ni alloy transitions through:

» Single-grained <100> dendritie grain refined following recrystallisation
large, mixed <100>/<111> oriented, twinned/multipyinned grains— coarse
dendritic grains from <111> precurser grain refinement from dendritic

seaweed precursor.

Thus, three distinct grain refinement mechanisnve lieeen identified in the two
closely related alloys. Firstly, spontaneous grafimnement in the low-Ni alloy appears
to be consistent with the model of Schwarz etld],[since two grain refinement
transitions are observed to arise from the fragatent of dendrites. The Schwarz
model is based upon the LKT theory of dendrite ghop81]; in which the dendrite tip
radius passes through a local minimum followed bycal maximum with increasing
undercooling, as the transfer between solutallythadnally-controlled growth occurs.
Schwarz et al. subsequently incorporate the stalaihialysis of Karma [32] to propose
that grain refinement occurs when the dendriteadgus falls below a certain value,
allowing the side branches to fragment during est@nce. This theory therefore
provides a feasible explanation for the two graifnement transitions observed in
alloys, as opposed to the single transition obsknveure metals. As such, it remains
the most widely accepted theory for spontaneous geinement, despite having come
under some scrutiny for its reliance on a modelesfdritic growth that does not
incorporate anisotropy and dynamics of the remeltistpbility [33]. In the case of the

low-Ni alloy, grain refinement appears to occumirthe fragmentation of refined
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<100> dendrites at low undercooling, and, followithg orientation transition, from the

fragmentation of refined <111> dendrites at higharadoling.

A second grain refinement mechanism of recrystlbs has then been observed at low
undercooling in the high-Ni alloy, consistent witmumber of other reports [2, 10, 11].
The difference between the fragmentation mechaoisserved in the low-Ni alloy and
the recrystallisation mechanism observed in thaNgalloy appears to arise from the
difference in the original growth structure. In fbe-Ni alloy, stable <100>-oriented
growth is observed well beyond the first grainmefnent transition, suggesting that the
precursor in this case is <100> dendrites; in wiscigbe the greatest driving force for
grain refinement seems to be the fragmentatiohedea dendrites following a gradual
scale refinement. However, in the high-Ni alloy,réhies an abrupt transition from the
grain refined to the mixed-orientation regime, segjing that the two regimes may
coincide. Thus, the precursor to grain refinemerthis instance would be mixed-
orientation dendrites; the presence of which mketyl indicates the existence of a high
dislocation density, thereby providing sufficiemivthg force for a

recovery/recrystallisation process in place ofrefinent and fragmentation.

Finally, the remelting and fragmentation of a seaavprecursor appears to be the most
likely mechanism for spontaneous grain refinemeéhigh undercooling in the high-Ni
alloy; in line with that proposed by Mullis et &.6]. In order to understand why
seaweed is observed for the high Ni alloy onlypastderation of the effect of Ni
content is required. Since the addition of moréd\Cu shifts the mixed orientation

regime to lower undercoolings (with respect toftrst grain refinement transition), and
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since this brings about a transition to seaweed/rat is suggested that the addition

of Ni either:

1. Decreases the strength of the capillary anisotropy;
2. Increases the strength of the kinetic anisotropy, or

3. A combination of both 1 & 2.

This would result in a closer competition betwedea tivo anisotropies; shifting the
range over which they compete (the mixed-orientategime) to lower undercoolings

with the addition of more Ni.

In the first instance, a decrease in the strenfjtheocapillary anisotropy would suggest
that the interfacial energy anisotropy of Cu imgealtered by the addition of Ni — an
idea supported by the work of Haxhimali et al. [aBH Dantzig et al. [21], outlined in

the introduction.

In the second case, an increased kinetic anisotroglgt occur due to the need to
incorporate more Ni into the growing crystal solgince a high growth velocity clearly
favours <111>-oriented growth, this must theretoeea favoured kinetic direction. One
explanation for this could be that the atomic rad@iNi is slightly smaller than that of
Cu (124.6 pm and 127.8 pm respectively). This rhg@eas close enough to retain the
FCC crystal structure but sufficiently differentrtmughen the close-packed {111}
planes; thereby enhancing atomic attachment kimetmng them. As discussed in the
introduction, the work of Bragard et al. [28] h&®wn that a sufficiently high kinetic
anisotropy can lead to a transition to dendritevesed growth. Hence, the observation
of a seaweed precursor to th€* transition in the high-Ni alloy (and not in the&w-Ni
alloy) supports the notion of an enhanced kinetis@ropy due to the addition of Ni.
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The addition of more Ni to Cu therefore appearshift the seaweed transition to lower,
more achievable values of undercooling; which me&ysequently alter the precursor to
spontaneous grain refinement. The notion of aresmed kinetic effect might also
explain why multiple twinning is only observed ftwe high-Ni alloy, since this may

result in an increased probability of developirecking faults during growth.

It is, of course, possible that both interfacialrggeand kinetic effects are playing some
part in the complex behaviour observed betweemvibealloys. The unambiguous
identification of several different grain refinemenechanisms in two closely related
alloys is significant, since it may help to resobmme of the debate surrounding the
‘true’ spontaneous grain refinement mechanismediity it appears that there are a
number of potential mechanisms, the selection otiwhppears dependent upon the
original growth structure present; which in turrdistated by a number of contributing

factors to the complex problem of rapid dendritevgh.

5. Conclusions

Following the identification of a number of complgsowth transitions with increased
undercooling in a Cu-8.9 wt.% Ni alloy [17], an miieal study had been undertaken
into an alloy of lower Ni content (Cu-3.98 wt.% Nh)order to investigate the effect of
solute upon the observed growth transitions. Ogednaan extended transition between
<100>-oriented dendrite growth at low undercookmgl <111>-oriented growth at high
undercooling has been observed, with a mixed-atent regime existing at
intermediate undercooling. In contrast to the H\jtalloy, however, stable <100>
growth is observed up to undercoolings well beythedfirst grain refinement

transition, with a shift of the mixed orientaticggime to higher undercoolings. As a
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result, the precursor to grain refinement at lowiansooling appears to be stable
<100>-oriented dendrites, resulting in a fragmeotamechanism. This is in contrast to
the recrystallisation mechanism observed in thadNgalloy; which arises from the
existence of a mixed-orientation dendrite precyrdoe to a coincidence of the mixed
orientation regime with the grain refinement regiaehigh undercooling, grain
refinement in the low-Ni alloy is also observedtrur following the fragmentation of
<111>-oriented dendrites. This is again in contrashe high-Ni alloy, in which
dendritic seaweed was identified as the most libegcursor to spontaneous grain
refinement. It is postulated that the observed ghithe mixed orientation regime and
seaweed transition to lower undercoolings witheased Ni content is due to either: an
increase in the strength of the kinetic anisotr@gecrease in the strength of the
capillary anisotropy, or; a combination of both. §tiould lead to a closer competition
between the two anisotropies; accounting for theeoled growth transitions, their
influence over the microstructure and the subsequgdct of this upon the grain
refinement mechanism. The identification of, angdlamation for, three distinct grain
refinement mechanisms in two closely related allogy help to clear some of the

debate surrounding the ‘true’ mechanism of sporasgrain refinement.
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List of Figure Captions:

Figure 1. Growth velocity (V) as a function of undercoolingl() and a summary of the
growth transitions observed with increasing unddingan Cu-3.98 wt.% Ni plotted
against boti\T and V. The uncertainty in the exact position afletransition is
indicated by the regions in which there are colgradients, which represent the extent
of the unmeasured range of undercooling, i.e. reroooled droplets have been
examined within this range.

Figure2. V - AT? plot for both Cu-3.98 wt.% Ni and Cu-8.9 wt.% Nlbgs.

Figure 3. Micrographs of a randomly-sectioned Cu-3.98 wiPAlroplet undercooled
by AT = 36 K. (Left) DIC image of fragmented dendritgdroplet surface; (right)
bright field image of fragmented dendrite coregydagrains and fine subgrain
boundaries at centre of droplet; (middle inset) {200le figure showing the presence
of at least three unrelated grains.

Figure 4. Optical bright field micrograph of a random sectairthe interior
microstructure of a Cu-3.98 wt.% Ni droplet underea byAT = 53 K; showing a
single grain microstructure consisting of orthodpra00> type dendrites. The {200}
pole figure taken from this sample is inset, showing set of poles associated with the
single grain morphology.

Figure5. (Top) Nucleation point (arrow) on the surfaceadfu-3.98 wt.% Ni droplet
undercooled byT = 119 K, demonstrating two distinct forms of digeg split

primary dendrite branch (features 1 and 2). (Bojtbimcleation point on the surface of
a droplet undercooled kyT = 117 K showing a split primary dendrite branciwhich
inner secondary arms bend to grow parallel to tiragry (feature 1) and a <100>-type
seaweed branch, as identified in our previous pépature 2).

Figure 6. (Left) Through-focused micrograph of the nucleapmmt evident on the
surface of a Cu-3.98 wt.% Ni droplet undercooled\iby= 148 K. (Right) Optical
micrograph of the interior microstructure of theplet, showing coarse
dendritic/seaweed grains and significant grain bamdhigration, as indicated by the
wavy grain boundaries and the presence of a ‘figagirain (white arrow). (Inset
middle) Associated {111} pole figure indicating theesence of at least two grains,
which are twinned about one of the {111} planesligated by the yellow circle), and
where a strong pole is observed in the centrecatolig a dominant <111> growth
orientation.

Figure 7. {200} pole figure obtained from a Cu-3.98 wt.% Nbglet undercooled by
AT =100 K and sectioned (as close as possibleai@llpl to the growth direction,
showing a sharp pole close to the centre, indicatidgminant <100> growth direction.

Figure 8. (Left) Light microscope image of the fragmenteddi#e structure observed
on the surface of a grain refined Cu-3.98 wt.% iiptet undercooled b&T = 216 K.
(Right) DIC micrograph of the interior grain struct of the droplet, showing refined
dendritic grains. (Inset middle) {111} pole figuobtained from the sample showing a
large number of poles.
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