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A melt encasement (fluxing) technique has been used to systematically study the
velocity-undercooling relationship in samples of Cu and Cu-O and Cu-3 wt% Sn at
undercoolings up to 250 K. In pure Cu the solidification velocity increased smoothly with
undercooling up to a maximum of 97 m s−1. No evidence of grain refinement was found in
any of the as-solidified samples. However, in Cu doped with >200 ppm O we found that
samples undercooled by more than 190 K had a grain refined microstructure and that this
corresponded with a clear discontinuity in the velocity-undercooling curve. Microstructural
evidence in these samples is indicative of dendritic fragmentation having occurred. In
Cu-Sn grain refinement was observed at the highest undercoolings (greater than 190 K in
Cu-3 wt% Sn) but without the spherical substructure seen to accompany grain refinement
in Cu-O alloys. Microstructural analysis using light microscopy, texture analysis and
microhardness measurements reveals that recrystallisation accompanies the grain
refinement at high undercoolings. Furthermore, at undercoolings between 110 K and 190 K,
a high density of subgrains are seen within the microstructure which indicate the
occurrence of recovery, a phenomenon previously unreported in samples solidified from
highly undercooled melts. C© 2000 Kluwer Academic Publishers

1. Introduction
Recalescence velocities as a function of undercooling
have been measured for a number of pure metals and
alloys growing from their undercooled melts, includ-
ing Ni [1, 2], Ni-Si [3], Ni-Cu [4], Ge [5, 6], Ge-Sn [7]
and Ge-Fe [8]. Generally, this measurement has been
made in conjunction with a detailed analysis of the as-
solidified microstructure. Such an analysis reveals that
most of the systems studied undergo a spontaneous tran-
sition from a coarse columnar to a fine equiaxed grain
structure above some well defined undercooling1T∗.
Moreover, this transition appears to be coincident with a
discontinuity in the velocity undercooling curve. Below
1T∗, growth velocity,V , can be adequately represented
by current dendritic growth models, withV ∝ 1Tβ ,
whereβ ≈ 2.5. Above1T∗, the velocity-undercooling
relationship has generally been found to be approxi-
mately linear [1, 8], or possibly constant [2].

A number of alloy systems have been reported to
show a yet more complex behaviour, in which an
equiaxed grain structure at low undercooling gives way
to a columnar grain structure as the undercooling is
increased. In most of these systems a second region
of equiaxed growth appears to occur at yet higher un-
dercooling. It is not clear whether the mechanism for
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grain refinement at high undercooling is the same as that
operating at low undercooling. Such grain refined mi-
crostructures have been observed by Jones and Weston
[9] in Cu doped with small quantities of oxygen. At un-
dercoolings below 50 K they found a mixed structure
comprising both fine equiaxed and coarser columnar
grains, with the proportion of equiaxed grains increas-
ing with undercooling. For 50 K< 1T < 100 K they
found that the structure was fully equiaxed giving way
to a fully columnar structure above 100 K. Mixed grain
structures have also been reported in Ni containing oxy-
gen at levels between 0.01 and 0.06 at.% [10] although
for oxygen concentrations below 0.01 at.% the grain
structure remained columnar at all undercoolings be-
low 1T∗.

Oxygen is not the only solute which has been reported
to give rise to grain refinement at low undercooling.
Southin and Weston [11] have found that the addition
of sulphur at low concentrations can lead to grain refine-
ment in Cu and that, as for oxygen, a minimum concen-
tration, 0.018 at.%, seems to be required to trigger the
effect. The effect has also been observed in some simple
binary alloys, such as Ni-Cu [12, 13] and Cu-Sn [14].
In the case of Ni-10 at.% Cu alloys fully equiaxed struc-
tures occur for1T < 60 K and1T > 160 K.
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The origin of spontaneous grain refinement has been
controversial since its discovery by Walker [15] in 1959
and a number of mechanisms have been proposed to
account for the effect. These include, cavitation in the
melt [16], fluid flow effects [17], recrystallisation, den-
drite remelting [18] and the development of growth in-
stabilities [19].

Recrystallisation, either during or immediately after
solidification, has been observed in rapidly solidified
alloys and is a possible mechanism for grain refine-
ment. The driving force for this might be stored energy,
due to an increase in defect density as the growth ve-
locity increases, or crystallographic misorientation due
to shrinkage induced flow [11]. This model appeared
to be supported by measurements made by Ovsiyenko
et al. [20] showing that residual microstress in the solid
decreases abruptly above1T∗. However, Cochrane and
Herlach [21] have demonstrated that in drop-tube pro-
cessed Cu-Ni alloys, if the heat extraction rate is suffi-
ciently high, recrystallisation can be inhibited even in
grain refined samples.

Schwarzet al. [18] have proposed a surface energy
driven fragmentation model to account for grain refine-
ment. Within their model, grain refinement occurs if
the local duration of interdendritic solidification,1tpl,
exceeds a time characteristic of dendritic break-up,
1tbu, due to surface area minimisation. As such, their
model is dependent both on the undercooling and
macroscopic heat extraction rate, an idea which seems
to be supported by a parallel study of the alloy Ti63Nb37
using both levitation melting and drop-tube techniques
[22]. However, as in this model, grain refinement
necessarily occurs post-recalescence, the model does
not provide an explanation for the change in the
velocity-undercooling relationship that accompanies
the onset of grain refinement.

Mullis and Cochrane have published an alternative
fragmentation model based on a stability analysis of the
growth of perturbations to the velocity of the growing
tip. Such growth instabilities may occur at both high and
low undercooling and their location as a function of1T
and alloy concentration shows good quantitative agree-
ment with the onset of spontaneous grain refinement
[19, 23]. Recently, we have proposed [24] that such
an instability may lead to repeated multiple tip split-
ting, giving rise to a very fine dendritic structure which
would undergo rapid remelting to give the observed
equiaxed structure seen in grain refined materials. As
in this model remelting is related to a growth instabil-
ity at the tip, it would provide a natural explanation
for the break in the velocity-undercooling curve which
has been observed in many systems to be coincident
with1T∗. Moreover, this is consistent with recent high
speed video images of droplet recalescence [25] which
show a distinct change in front morphology above1T∗.

Recently Galenko and Danilov [26] have proposed
that the break in the velocity-undercooling curve can
be attributed to the finite speed of solute diffusion in
the bulk liquid ahead of the growing dendrite. In their
model the conventional Fickian diffusion equation,
which permits an infinite speed of diffusion, is replaced
by a hyperbolic equation containing both diffusion-like

and wave-like terms. As the diffusive speed,VD, is fi-
nite there is an abrupt transition to complete solute trap-
ping when the growth velocity exceedsVD. In contrast,
conventional growth models predict a gradual onset of
solute trapping. Calculations by Galenko and Danilov
indicate that this abrupt transition to solute trapping
results in a discontinuity in the velocity-undercooling
curve atVD, and their results are in good agreement
with experimental velocity undercooling curves for the
Ni-Cu system. However, it is not clear from the model of
Galenko and Danilov why such a break in the velocity-
undercooling curve should be observed in pure materi-
als [1, 2, 5, 6], where solute effects are absent.

In this paper, we report on recalescence velocity mea-
surements and microstructural analysis that has been
performed on highly undercooled copper and dilute bi-
nary copper alloys via a melt encasement technique. In
particular, two alloy systems have been studied, Cu-O
and Cu-3 wt% Sn. Both of these systems show spon-
taneous grain refinement in that, above a critical un-
dercooling,1T∗, there is an abrupt transition from a
coarse columnar to a fine grain equiaxed microstruc-
ture. However, there are sufficient differences in the
microstructural characteristics of the two systems to
lead us to believe that different mechanisms may be
responsible for the observed grain refinement.

A number of authors have previously studied the un-
dercooling behaviour of Cu and Cu-O alloys. Pow-
ell and Hogan [27] used a glass encasement tech-
nique to undercool pure Cu and Cu-O alloys with
oxygen concentrations of 0.08 wt% and 0.3 wt%, al-
though the maximum undercooling for the higher oxy-
gen concentration was limited to 97 K. In pure Cu
they found no evidence of grain refinement up to a
maximum undercooling of 208 K. In Cu-0.08 wt%
O they observed a transition from a coarse colum-
nar to fine grained equiaxed structure above1T = 150
K. Kobayashi and Shingu [28] were similarly unable
to observe grain refinement in pure Cu melts with a
maximum undercooling of 225 K. Grain refined mi-
crostructures were observed in Cu-O alloys containing
>300 ppm O. Using a similar technique, Costa Agra
Mello and Kiminami [29] observed grain refinement in
pure Cu at an undercooling of 271 K, although they
did not investigate lower undercoolings to identify the
transition temperature between columnar and equiaxed
growth.

2. Experimental techniques
Undercooling experiments were performed within a
stainless steel vacuum chamber evacuated to a pres-
sure of 5× 10−5 mbar and backfilled to 500 mbar
with N2 gas. Samples were heated, in fused quartz
crucibles, by induction heating of a graphite suscep-
tor contained within an alumina shell. Viewing slots
were cut in the susceptor and alumina to allow the
sample to be viewed through a window in the cham-
ber. Melt encasement, within a soda lime glass flux,
was employed to reduce the number of potential het-
erogeneous nucleation sites allowing the attainment of
high undercoolings. Temperature determination was by
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Figure 1 Schematic diagram of fluxing apparatus used for melting and
undercooling of Cu, Cu-O and Cu-Sn alloy specimens and the determi-
nation of growth velocity-undercooling relationships.

means of a k-type thermocouple positioned beneath the
crucible, which had been thinned at the base so reducing
the thermal lag between the sample and thermocouple.
Cooling curves were obtained with the aid of a chart
recorder. A schematic diagram of the experimental ap-
paratus is shown in Fig. 1. By heating the sample to
its melting temperature, cooling and repeating this pro-
cedure, it was found that melting temperatures were
reproducible to within±5 K. On heating, the sample
and flux were taken to 300 K above the melting tem-
perature to ensure complete melting of the glass, en-
casement of the sample and the removal of gas bubbles
from the flux. The samples were subsequently cooled
to a predetermined temperature before nucleation was
triggered by touching the sample surface with a thin
alumina needle.

The measurement of growth velocities was per-
formed using a 16-element linear photo-diode array,
allowing the time taken for the bright recalescence
front to move across the relatively dark sample to be
measured. Light from the sample was passed through a
beam splitter which distributed the light between a CCD
camera and the photo-diode array. The CCD camera al-
lows accurate sample positioning and focusing. It was
also possible via this arrangement to measure directly
the dimension of the sample along the photo-diode axis.
A current proportional to the light intensity falling on
each photo-dioide is produced which was then ampli-
fied and recorded. Each of the 16 photo-diodes has an
independent, fast settling, low noise, DIFET amplifier
with a current to voltage gain of 106 V A−1. The sig-
nals are then passed, via switching circuitry, to a pair
of voltage adders for output. The output signal is dis-
played as light intensity vs time trace on a digital storage
oscilloscope from which the time taken for the solid-
ification front to move through the sample could be
measured.

Copper samples, in the size range 3–5 mm and of
99.9999% purity (metals basis), were obtained from
ALFA (Johnson Matthey). These samples contain,
however, a residual level of oxygen. A number of sam-
ples were superheated to 1523 K in the fluxing appara-
tus and held at this temperature for increasing lengths
of time. After solidification, the final oxygen content
was determined using a thermal conductivity method
and compared to the residual level of oxygen in the as-
received samples. From this procedure, we determined

that the oxygen concentration, [O], decreased exponen-
tially with processing time, according to:

[O]/ppm= 799 exp{−0.025t} (1)

with a minimum achievable base level of≈10 ppm.
Here we have defined Cu-O alloys as copper contain-
ing at least 200 ppm of oxygen after undercooling and
oxygen-free copper as containing less than 200 ppm of
oxygen, based on the work of previous researchers [28].
The average oxygen concentration of our Cu-O alloy
was 600 ppm.

Cu-3 wt% Sn alloy was formed by arc melting un-
der an inert atmosphere to ensure complete mixing of
the components. As with Cu, elemental Sn was ob-
tained from ALFA (Johnson Matthey) with a purity
of 99.9999% (metals basis). Samples, in the size range
3–5 mm, were subsequently weighed to ensure no mass
loss during arc melting.

Microstructural changes as a function of undercool-
ing were initially determined by using a CamScan
Series 4 SEM to observe the surface of as-solidified
droplets. Further analysis of selected samples was per-
formed by optical microscopy on polished sections us-
ing a Nikon Optiphot microscope in differential in-
terference contrast (DIC) mode, samples having been
etched in ferric chloride (10 g per litre) to give grain
boundary contrast or ammonium persulphate (100 g
per litre) to reveal substructure within grains. X-ray
pole figure plots were also generated using a Philips
APD1700 diffractometer (Cu Kα radiation) equipped
with a texture stage. Vickers microhardness measure-
ments were made on polished sections of specimens
mounted in Bakelite using a Zwick microhardness
tester, applying a load of 1000 gf for 20 s.

3. Results
For the three systems studied maximum undercool-
ings of 250 K (Cu/Cu-O) and 208 K (Cu-3 wt% Sn)
were achieved. Recalescence velocities as a function of
undercooling for the three systems studied are shown
in Fig. 2. For pure Cu and Cu-3 wt% Sn alloy, the
experimental points appear to lie on a smooth curve

Figure 2 Velocity-undercooling relationships determined for dendritic
growth in pure Cu and dilute Cu-O and Cu-Sn alloys.
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over the whole undercooling range studied. However,
for the Cu-O system there appears to be a distinct break
in the curve at1T ≈ 180 K. Above this undercooling
the growth velocity appears to increase linearly with
undercooling. As discussed below, this discontinuity in
the curve is coincident with the onset of spontaneous
grain refinement, an association that has previously
been made in a number of other systems [1, 2, 6]. The
maximum measured growth velocities were 97 m s−1

in copper, 56.8 m s−1 in the Cu-O alloy (1T = 250 K)
and 40.4 m s−1 in the Cu-Sn system (1T = 208 K).

Samples of oxygen-free copper (<200 ppm oxy-
gen) were selected for microstructural examination
at undercoolings ranging from 50–250 K at intervals
of approximately 20 K. At all undercoolings the mi-
crostructure consisted of coarse grains, the size of
which decreased smoothly with increasing undercool-
ing. These results are consistent with the findings of
Kobayashi and Shingu [28] who found no evidence of
spontaneous grain refinement in Cu melts containing
<300 ppm Oxygen (with a maximum undercooling of
225 K) and Costa Agro Mello and Kiminami [29] who
observed grain refinement above 270 K, marginally
higher than our maximum achievable undercooling.

In contrast, in both alloy systems a number of distinct
regions of microstructural development were identified.
In Cu-O there were four such regions:

i) 40 K ≤ ∆T ≤ 60 K. Fig. 3 shows an exam-
ple of the microstructure in a sample undercooled by
40 K: the majority of the area of the micrograph is oc-
cupied by a single grain. Samples undercooled in the
range 40–60 K showed a very large grain size and a
very coarse dendritic segregation pattern. The dendritic
substructure is not confined to one ‘grain’ but extends
across the one visible grain boundary, suggesting that
a significant amount of post-solidification grain coars-
ening has occurred. Fig. 4 shows a{111}Cu pole figure
plot from a Cu-O sample undercooled by 40 K prior
to solidification. There are four intense poles present,
suggesting that the structure is dominated by a single
dendrite grown from the melt, in good agreement with
the microstructure shown in Fig. 3 which is dominated
by one grain.

Figure 3 Optical micrograph of Cu-O sample solidified from an under-
cooling of 40 K. The dendritic substructure can clearly be seen crossing
a grain boundary in the lower right hand corner.

Figure 4 X-ray pole figure plot for{111}Cu taken from the sample shown
in Fig. 3.

ii ) 70 K ≤ ∆T ≤ 100 K. As the undercooling in-
creases in the range 70 K–100 K, a change in structure is
observed from dendritic to equiaxed. This can be deter-
mined from SEM microscopy of the surface structure
(Fig. 5b), removing the need to produce large num-
bers of polished sections. The microstructure observed
in a plane section of the alloy undercooled by 90 K
prior to nucleation is shown in Fig. 6. Grain boundaries
appear to be decorated by copper oxide particles and a
fine interdendritic distribution of either copper oxide or
shrinkage pores is present. Within the grains, there are
several small spherical elements whose edges and cen-
tres have etched strongly. Appreciable grain growth has
evidently occurred as the substructure extends across
grain boundaries and the grain boundaries themselves
are curved which is indicative of grain boundary migra-
tion. X-ray pole figures confirmed that these fine grains
were randomly oriented. In Fig. 7, a number of poles are
observed which are distributed quite randomly across
the plot. This would appear to suggest that if a single
dendrite dominates the growth at these low undercool-
ings, this has subsequently fragmented, the fragments
acting as nuclei for new grains. During slow cooling,
these may coarsen to give the final microstructure ob-
served in Fig. 6.
iii ) 110 K ≤ ∆T ≤ 180 K. Increasing the under-

cooling further results in a dendritic surface structure,
as observed previously at lower undercoolings but with
a finer secondary dendrite arm spacing (Fig. 5c). In this
range of undercooling, the grain size was very coarse
and optical microscopy (Fig. 8) revealed a well devel-
oped dendritic network within each grain. Compared
to the coarse, dendritic structure formed at lower un-
dercoolings, the substructure is mostly restricted to one
grain. Fig. 8 also clearly shows that there are some very
small grains located at the boundaries between some of
the larger grains.

iv) ∆T > 180 K. At undercoolings greater than
180 K, SEM examination (Fig. 5d) shows that the den-
dritic surface has been replaced by an equiaxed surface
structure which is present in all samples up to the maxi-
mum undercooling of 250 K. Fig. 9 reveals that the grain
size is comparable to that seen in samples undercooled
in the range 70–100 K and again varies considerably
throughout the section. Within the grains, the substruc-
ture is spherical, the well developed dendrites seen in
samples undercooled by 110–180 K being no longer
evident. Within some of the spherical segregation
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Figure 5 SEM micrographs showing the surface structures of Cu-O specimens solidified from undercoolings of (a) 40 K, (b) 80 K, (c) 160 K and (d)
220 K.

Figure 6 Optical micrograph of Cu-O sample solidified from an under-
cooling of 90 K.

Figure 7 X-ray pole figure plot for{111}Cu taken from the sample shown
in Fig. 6.

elements, a small fragment is observed which is cross-
shaped or in some cases a small sphere. Another con-
trasting feature here, as compared with microstructures
observed in the other grain refinement regime (70 K<
1T < 100 K), is the disappearance of the fine dis-
tribution of black copper oxide particles which was
very prominent in Fig. 6. However, the shape of the
grains and the fact that the substructure is not confined
to just one grain suggest that there was some coars-
ening of grains during cooling in the solid state. X-ray
diffractometry of samples (Fig. 10) was consistent with

Figure 8 Optical micrograph of Cu-O sample solidified from an under-
cooling of 160 K.

Figure 9 Optical micrograph of Cu-O sample solidified from an under-
cooling of 250 K.

the equiaxed microstructure observed, the{111}Cu pole
figure showing that there are many randomly oriented
grains present.

In the Cu-Sn three distinct microstructural regimes
were identified:

i) 43 K≤∆T≤73 K. Fig. 11 shows the microstruc-
ture of a sample undercooled by 43 K. It exhibits a
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Figure 10 X-ray pole figure plot for{111}Cu taken from the sample
shown in Fig. 9.

Figure 11 Optical micrograph of Cu-3 wt% Sn sample undercooled by
43 K prior to solidification.

Figure 12 X-ray pole figure plot for{111}Cu from the same sample
shown in Fig. 11.

coarse grain size and the combination of etchant and dif-
ferential interference contrast reveals the substructure
which is clearly dendritic but either not fully developed
or slightly deformed, with grains that appear to radiate
outwards from one point. The grain boundaries here
are not straight, in fact they are considerably irregular.
X-ray diffractometry gives further information about
these microstructures. Fig. 12 shows the pole figure
plot obtained for the sample undercooled by 43 K. By
measuring the angles between poles, it was determined
that this sample has grown as a twinned dendrite. Each
of the poles 1–6 has a common angle of either 72◦53′
or 109◦47′ with pole 7 and the poles can be grouped
into two groups of four by using pole 7 twice, i.e. (1, 2,
3 and 7) and (4, 5, 6 and 7). A twin relationship can be
shown to exist between the two grains by rotating the
plot to a different orientation with this common pole at
the centre.

ii ) 73 K < ∆T ≤ 193 K. Fig. 13 shows an optical
micrograph of a sample undercooled by 123 K prior to
nucleation. There are a number of large grains visible
containing a very well developed dendritic segregation
pattern, the dendrites apparently confined to a single
grain. Although there are a number of smaller grains
present at the boundaries of the large grains, on the
whole, it can be seen that the overall grain size is very
coarse and there is no evidence of any breakdown of the
dendritic structure. Within this range of undercoolings,
as the undercooling increases the grain size decreases
slightly but further interesting microstructural features
become apparent. Fig. 14 shows the microstructure of
a sample undercooled by 183 K. The grain size is quite
coarse but within the grains a network of finer grains or
subgrains may be clearly seen. Thus, both high angle
grain boundaries and low angle boundaries are evident
in this micrograph. This effect is uniform across all
the grains, i.e. the subgrains are not just seen at the
grain boundaries. This strongly suggests that a recov-
ery process has occurred in the solid state following
solidification.
iii ) ∆T > 193 K. At undercoolings greater than

193 K, another type of microstructure was observed.
Fig. 15 shows the microstructure of a sample un-
dercooled by 208 K. The grain size is much finer
and the segregation pattern seen within the grains is
again mostly dendritic, although there seem to be some
spherical elements present. The curvature of the grain

Figure 13 Optical micrograph of a Cu-3 wt% Sn sample undercooled
123 K prior to solidification.

Figure 14 Optical micrograph of a Cu-3 wt% Sn sample undercooled
183 K prior to solidification.
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Figure 15 Optical micrograph of a Cu-3 wt% Sn sample undercooled
208 K prior to solidification: (a) etched in ammonium persulphate solu-
tion; (b) etched in ferric chloride solution.

Figure 16 X-ray pole figure plot for (111)Cu from the same sample
shown in Fig. 15.

boundaries indicates that some grain boundary migra-
tion has occurred. The subgrains observed in samples
undercooled by 183 K and 193 K are absent but there are
twins present which are strongly suggestive of recrys-
tallisation. Fig. 16 shows the pole figure plot obtained
by x-ray diffractometry for this sample. The distribu-
tion of poles is random indicating that a large number
of randomly oriented grains are present.

Microhardness measurements were made on samples
of Cu-O and Cu-3 wt% Sn solidified at various under-
coolings. Results from these measurements are shown
in Fig. 17. In Cu-Sn the microhardness increases to a
maximum value of 427 kgf mm−2 at an undercooling
of 183 K and then decreases with further increases in
undercooling to 352 kgf mm−2 at1T = 200 K. Such
a drop in the microhardness is also indicative of a re-
crystallization process. In contrast, in Cu-O there is a
smooth increase in microhardness with undercooling
from 250 kgf mm−2 at1T = 40 K to 386 kgf mm−2

at 1T = 250 K. There is no decrease in microhard-
ness such as would be expected if recrystallisation had
occurred. However, there is an apparent change in be-
haviour in the range 120 K< 1T < 180 K which may
result from an increase in the matrix solute level due to
solute trapping.

Figure 17 Microhardness vs undercooling results for Cu-3 wt% Sn and
Cu-O.

4. Discussion
The presence of a small amount of oxygen in cop-
per samples has been shown to have a profound effect
on both the observed microstructures and the growth
velocity-undercooling relationship. At oxygen concen-
trations less than 200 ppm the microstructure remains
columnar over the whole range of undercoolings stud-
ied but at greater concentrations grain refinement is
observed at both low and high undercooling. Grain re-
finement has been observed in pure copper samples
undercooled by 271 K [28] and 320 K [7]. A compre-
hensive investigation of undercooled Cu-O alloys by
Kobayshi and Shingu [28] related the microstructure
observed to the oxygen content. Therefore, we believe
that grain refinement in pure Cu would have been ob-
served if higher melt undercoolings could have been
achieved.

Grain refinement was observed in Cu-O at both low
(70 K≤ 1T ≤ 100 K) and high (1T > 180 K) under-
coolings as an abrupt change in grain size accompanied
by a change in segregation pattern from dendritic to
spherical. Grain refinement at high undercoolings is ac-
companied by a deviation in the velocity-undercooling
relationship from that predicted by current dendrite
growth models (Fig. 2). We suggest, therefore, that
grain refinement in Cu-O is caused by dendritic frag-
mentation. Pole figure plots generated for samples un-
dercooled by 90 K and 250 K confirmed that the pre-
existing, highly oriented dendritic structure had broken
up, which resulted in a multiplication of grains. This as-
sumption is supported by the observation in Cu-O that
the size of spherical elements observed at the centre of
grains was comparable to the secondary dendrite arm
spacing. Solute trapping may aid these processes as it
has been shown here that copper containing less than
200 ppm oxygen did not grain refine at undercoolings
up to 250 K. However, the addition of a greater quan-
tity of this strongly partitioning solute resulted in grain
refinement at both low and high undercoolings.

At low undercooling there is considerable evidence
for grain boundary migration in both non-refined and
grain refined structures, the underlying segregation pat-
tern not being consistent with the grain structure. In
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the non-refined regime this was apparent from a den-
dritic network running across grain boundaries, as is
clearly the case in Fig. 3, while in grain refined samples
some grains contained more than one spherical segre-
gation element. This is consistent with the slow cooling
rates typical of fluxing experiments, which would tend
to aid grain boundary migration. However, it was ap-
parent that no recrystallisation occurred in these sam-
ples. This could be seen microstructurally due to an
absence of annealing twins and also in the microhard-
ness measurements where there was a gradual increase
in microhardness as a function of undercooling. Conse-
quently we conclude that the line defect density in the
as-solidified Cu-O samples at the highest undercool-
ings is too small to provide the necessary driving force
for the recrystallisation process.

In Cu-Sn within the undercooling regime 43 K≤
1T ≤ 73 K, the coarse grains observed within the
microstructure had a twinned relationship. This was
confirmed by generating pole figure plots. At low
undercoolings, twinned dendrites might give a slight
growth advantage over non-twinned dendrites, which
disappears at higher undercoolings. Such twinned den-
drites have also been observed in DC-cast aluminium
alloys [30] where they are responsible for features com-
monly known as ‘feather grains’. The dendritic sub-
structure in these samples was apparently highly de-
formed: the substructure was poorly developed, it was
difficult to identify the dendrite trunks and the sec-
ondary dendrite arms appeared bent and fragmented. At
these relatively small undercoolings, it may be possible
that the dendrites which are formed during recalescence
are sufficiently thin to be deformed by fluid flow, which
may arise during the growth of undercooled melts due
to strong convection or by the volume change which
accompanies solidification.

As the undercooling is increased, growth of twin-
free dendrites takes place at1T > 73 K yielding a sub-
structure of well-developed, columnar dendrites. How-
ever, at higher undercoolings, 183 K≤1T ≤ 193 K, a
change in the grain structure was observed. The coarse
columnar grains now contain an array of fine subgrains.
The presence of subgrains within a microstructure is an
indication that a recovery process has occurred. This de-
duction is supported by the microhardness data which
shows a drop above1T = 183 K to levels comparable
to those obtained at the lowest undercoolings studied.
Recovery would require a driving force, the magnitude
of which must increase as the undercooling increases.
Unlike recrystallisation, which could be driven by an in-
creased concentration of point or line defects, recovery
can only take place in the presence of a high density of
dislocations which are probably produced by the den-
drite deformation which was observed clearly at lower
undercoolings.

The microstructure seen in the most highly under-
cooled samples revealed a much finer, equiaxed grain
structure but with a clearly dendritic segregation pat-
tern. Thus, the refined grain structure observed in highly
undercooled Cu-Sn was markedly different to that ob-
served in Cu-O and which has generally been reported
in other grain refined alloy systems, the substructure be-

ing dendritic in nature, rather than spherical. Similarly,
the surface structure of Cu-3 wt% Sn, undercooled by
208 K, was dendritic, compared to that of grain-refined
Cu-O alloys which, at both low and high undercoolings
is equiaxed.

Comparing our results for the Cu-Sn system with
most other reported cases of spontaneous grain refine-
ment, including our Cu-O alloy, we suggest that there
may be at least two distinct mechanisms which can
lead to grain refinement. We take grain refinement to
be a significant decrease in grain size at a well-defined
undercooling together with a transition from a colum-
nar to an equiaxed structure. In most cases previously
reported, this is accompanied by a change from a den-
dritic to spherical segregation pattern and a disconti-
nuity in the velocity-undercooling curve. Evidence for
recrystallisation is often found to accompany the tran-
sition from a dendritic to spherical segregation pattern
in these grain refined materials, although our Cu-O re-
sults would indicate that this need not necessarily be the
case, there being no evidence of recrystallisation. By
contrast, Cu-Sn grain refined samples retain a dendritic
substructure despite showing equiaxed grains with a
random crystallite orientation. Microstructural and mi-
crohardness data suggest that in Cu-Sn grain refine-
ment is a consequence of a recrystallisation process in
the solid state. This contrasts with ‘conventional’ grain
refined materials where refinement appears to be the re-
sult of dendritic fragmentation during the growth phase.

The processes of dendritic fragmentation and recrys-
tallisation will have different dependencies upon the
material parameters of the system being considered.
Why recrystallisation should precede fragmentation in
CuSn while fragmentation occurs before recrystallisa-
tion in CuO is thus not easy to establish. A number of
models for grain refinement by fragmentation exist and
we discuss below a calculation based on the model of
Mullis and Cochrane [19] which is consistent with the
experimental results presented. However, to provide a
definitive answer it is also necessary to estimate the
undercooling at which grain refinement by recrystalli-
sation occurs, a calculation that is far from trivial. The
principal driving force for recrystallisation in CuSn is
at present unknown, it being unclear whether this is
due to an increase in the density of point or line de-
fects. Even if the mechanism can be elucidated, there
is no well-defined route for estimating the density of
either defect type as a function of recalescence veloc-
ity. Moreover, the mechanical properties of Cu and its
dilute alloys are so poorly known in the vicinity of the
solidus temperature that it may not be possible to es-
timate the likelihood of recrystallisation, even if the
defect density were known.

The Mullis and Cochrane [19] model for grain refine-
ment by dendritic fragmentation is based on a stability
analysis of the growth of perturbations to the veloc-
ity of the growing tip. The rationale behind the analy-
sis is as follows. The growth velocity is considered to
be determined by the difference between the interface
temperature and the far field temperature, that is by the
thermal undercooling. Curvature, constitutional and ki-
netic effects are treated as velocity and radius dependant
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depressions to the local interface temperature. A veloc-
ity perturbation will thus perturb the interface tempera-
ture via the actions of the curvature, kinetic and consti-
tutional components of the undercooling. However, this
perturbation to the interface temperature will itself re-
sult in a velocity perturbationδV ′. Should|δV ′|> |δV |
it is presumed that the resultant perturbation grows in
a manner which is unchecked, leading to grain refine-
ment. Performing the calculation for Cu-O we obtain a
value for the upper grain refinement temperature,1T∗2 ,
of 183 K at an oxygen concentration of 200 ppm rising
to 190 K at an oxygen concentration of 600 ppm, in
good agreement with the experimental result obtained
here. In contrast, for Cu-Sn we calculated the under-
cooling for the onset of grain refinement by dendritic
fragmentation as 207 K, above the observed onset of
recrystallisation at 193 K and only 2 K below the max-
imum undercooling achieved. This result is therefore
consistent with our observation that Cu-3 wt%. Sn grain
refines by recrystallisation.

It thus appears that there are two, independent
mechanisms whereby grain refinement can occur
at high undercoolings–dendrite fragmentation and
recrystallisation–and that each of these processes has a
critical undercooling. In some systems (e.g. Fe-Ni and
Cu-Ni) these are coincident whereas in others the re-
crystallisation mechanism precedes fragmentation (e.g.
Cu-Sn) or fragmentation occurs before recrystallisation
(e.g. Cu-O).
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