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Microstructural evolution and growth
velocity-undercooling relationships in the
systems Cu, Cu-O and Cu-Sn at high undercooling
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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~'. 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. © 2000 Kluwer Academic Publishers

1. Introduction grain refinementathigh undercooling is the same as that
Recalescence velocities as a function of undercoolingperating at low undercooling. Such grain refined mi-
have been measured for a number of pure metals anctostructures have been observed by Jones and Weston
alloys growing from their undercooled melts, includ- [9] in Cu doped with small quantities of oxygen. At un-
ing Ni[1, 2], Ni-Si [3], Ni-Cu [4], Ge [5, 6], Ge-Sn [7]  dercoolings below 50 K they found a mixed structure
and Ge-Fe [8]. Generally, this measurement has beecomprising both fine equiaxed and coarser columnar
made in conjunction with a detailed analysis of the as-grains, with the proportion of equiaxed grains increas-
solidified microstructure. Such an analysis reveals thaihg with undercooling. For 50 k« AT < 100 K they
most of the systems studied undergo a spontaneous trafound that the structure was fully equiaxed giving way
sition from a coarse columnar to a fine equiaxed grairto a fully columnar structure above 100 K. Mixed grain
structure above some well defined undercooli*.  structures have also been reported in Ni containing oxy-
Moreover, this transition appears to be coincident with agen at levels between 0.01 and 0.06 at.% [10] although
discontinuity in the velocity undercooling curve. Below for oxygen concentrations below 0.01 at.% the grain
AT*, growth velocityV, can be adequately representedstructure remained columnar at all undercoolings be-
by current dendritic growth models, with o« AT#,  low AT*.
whereg ~ 2.5. AboveAT*, the velocity-undercooling Oxygenis notthe only solute which has been reported
relationship has generally been found to be approxito give rise to grain refinement at low undercooling.
mately linear [1, 8], or possibly constant [2]. Southin and Weston [11] have found that the addition
A number of alloy systems have been reported toof sulphur atlow concentrations can lead to grain refine-
show a yet more complex behaviour, in which anmentin Cu and that, as for oxygen, a minimum concen-
equiaxed grain structure at low undercooling gives waytration, 0.018 at.%, seems to be required to trigger the
to a columnar grain structure as the undercooling isffect. The effect has also been observed in some simple
increased. In most of these systems a second regidsinary alloys, such as Ni-Cu [12, 13] and Cu-Sn [14].
of equiaxed growth appears to occur at yet higher unin the case of Ni-10 at.% Cu alloys fully equiaxed struc-
dercooling. It is not clear whether the mechanism fortures occur foAT < 60 K andAT > 160 K.
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The origin of spontaneous grain refinement has beeand wave-like terms. As the diffusive spe&f), is fi-
controversial since its discovery by Walker [15] in 1959 nite there is an abrupt transition to complete solute trap-
and a number of mechanisms have been proposed f@ng when the growth velocity exceeWs. In contrast,
account for the effect. These include, cavitation in theconventional growth models predict a gradual onset of
melt [16], fluid flow effects [17], recrystallisation, den- solute trapping. Calculations by Galenko and Danilov
drite remelting [18] and the development of growth in- indicate that this abrupt transition to solute trapping
stabilities [19]. results in a discontinuity in the velocity-undercooling

Recrystallisation, either during or immediately after curve atVp, and their results are in good agreement
solidification, has been observed in rapidly solidifiedwith experimental velocity undercooling curves for the
alloys and is a possible mechanism for grain refine-Ni-Cu system. However, itis not clear from the model of
ment. The driving force for this might be stored energy,Galenko and Danilov why such a break in the velocity-
due to an increase in defect density as the growth vedndercooling curve should be observed in pure materi-
locity increases, or crystallographic misorientation dueals [1, 2, 5, 6], where solute effects are absent.
to shrinkage induced flow [11]. This model appeared Inthis paper, we reporton recalescence velocity mea-
to be supported by measurements made by Ovsiyenksurements and microstructural analysis that has been
et al. [20] showing that residual microstress in the solid performed on highly undercooled copper and dilute bi-
decreases abruptly aboxd *. However, Cochrane and nary copper alloys via a melt encasement technique. In
Herlach [21] have demonstrated that in drop-tube proparticular, two alloy systems have been studied, Cu-O
cessed Cu-Ni alloys, if the heat extraction rate is suffi-and Cu-3 wt% Sn. Both of these systems show spon-
ciently high, recrystallisation can be inhibited even intaneous grain refinement in that, above a critical un-
grain refined samples. dercooling,AT*, there is an abrupt transition from a

Schwarzet al. [18] have proposed a surface energycoarse columnar to a fine grain equiaxed microstruc-
driven fragmentation model to account for grain refine-ture. However, there are sufficient differences in the
ment. Within their model, grain refinement occurs if microstructural characteristics of the two systems to
the local duration of interdendritic solidificationty, lead us to believe that different mechanisms may be
exceeds a time characteristic of dendritic break-upresponsible for the observed grain refinement.

Atyy, due to surface area minimisation. As such, their A number of authors have previously studied the un-
model is dependent both on the undercooling andlercooling behaviour of Cu and Cu-O alloys. Pow-
macroscopic heat extraction rate, an idea which seemsl and Hogan [27] used a glass encasement tech-
to be supported by a parallel study of the alloysNbz;  nique to undercool pure Cu and Cu-O alloys with
using both levitation melting and drop-tube techniquesoxygen concentrations of 0.08 wt% and 0.3 wt%, al-
[22]. However, as in this model, grain refinementthough the maximum undercooling for the higher oxy-
necessarily occurs post-recalescence, the model dogen concentration was limited to 97 K. In pure Cu
not provide an explanation for the change in thethey found no evidence of grain refinement up to a
velocity-undercooling relationship that accompaniesmaximum undercooling of 208 K. In Cu-0.08 wt%
the onset of grain refinement. O they observed a transition from a coarse colum-

Mullis and Cochrane have published an alternativenar to fine grained equiaxed structure above = 150
fragmentation model based on a stability analysis of th&k. Kobayashi and Shingu [28] were similarly unable
growth of perturbations to the velocity of the growing to observe grain refinement in pure Cu melts with a
tip. Such growth instabilities may occur at both highandmaximum undercooling of 225 K. Grain refined mi-
low undercooling and their location as a functiomdF  crostructures were observed in Cu-O alloys containing
and alloy concentration shows good quantitative agree>=300 ppm O. Using a similar technique, Costa Agra
ment with the onset of spontaneous grain refinemeniello and Kiminami [29] observed grain refinementin
[19, 23]. Recently, we have proposed [24] that suchpure Cu at an undercooling of 271 K, although they
an instability may lead to repeated multiple tip split- did not investigate lower undercoolings to identify the
ting, giving rise to a very fine dendritic structure which transition temperature between columnar and equiaxed
would undergo rapid remelting to give the observedgrowth.
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 2. Experimental techniques
for the break in the velocity-undercooling curve which Undercooling experiments were performed within a
has been observed in many systems to be coincidesstainless steel vacuum chamber evacuated to a pres-
with AT*. Moreover, this is consistent with recent high sure of 5x 10~ mbar and backfilled to 500 mbar
speed video images of droplet recalescence [25] whiclvith N> gas. Samples were heated, in fused quartz
show a distinct change in front morphology abavE*.  crucibles, by induction heating of a graphite suscep-

Recently Galenko and Danilov [26] have proposedtor contained within an alumina shell. Viewing slots
that the break in the velocity-undercooling curve canwere cut in the susceptor and alumina to allow the
be attributed to the finite speed of solute diffusion insample to be viewed through a window in the cham-
the bulk liquid ahead of the growing dendrite. In their ber. Melt encasement, within a soda lime glass flux,
model the conventional Fickian diffusion equation, was employed to reduce the number of potential het-
which permits an infinite speed of diffusion, is replacederogeneous nucleation sites allowing the attainment of
by a hyperbolic equation containing both diffusion-like high undercoolings. Temperature determination was by
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linear motion that the oxygen concentration, [O], decreased exponen-
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rf coils N\ photo-diode
G T amoy
ek Medioa with a minimum achievable base level sfL0 ppm.
Here we have defined Cu-O alloys as copper contain-
: video ing at least 200 ppm of oxygen after undercooling and
monitor ..

oxygen-free copper as containing less than 200 ppm of

xfehartecordsr oxygen, based on the work of previous researchers [28].

The average oxygen concentration of our Cu-O alloy
Figure 1 Schematic diagram of fluxing apparatus used for melting andyas 600 ppm.
undercooling of Cu, Cu-O and Cu-Sn alloy specimens and the determi- Cu-3 wt% Sn aIon was formed by arc meIting un-
nation of growth velocity-undercooling relationships. . .

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
means of a k-type thermocouple positioned beneath thgr g9 999994 (metals basis). Samples, in the size range

crucible, which had been thinned atthe base soreducing_5 mm were subsequently weighed to ensure no mass
the thermal lag between the sample and thermocouplg,gg during arc melting.

Cooling curves were obtained with the aid of a chart  \jicrostructural changes as a function of undercool-
recorder:Aschem_atlc_dlagram of the_ experimental aPing were initially determined by using a CamScan
paratus is shown in Fig. 1. By heating the sample t05eries 4 SEM to observe the surface of as-solidified
its melting temperature, cooling and repeating this proyoplets. Further analysis of selected samples was per-
cedure, it was found that melting temperatures wergormed by optical microscopy on polished sections us-
reproducible to withint5 K. On heating, the sample g 5 Nikon Optiphot microscope in differential in-
and flux were taken to 300 K above the melting temM-yerference contrast (DIC) mode, samples having been
perature to ensure complete melting of the glass, eNsiched in ferric chloride (10 g per litre) to give grain
casement of the sample and the removal of gas bUbbl%undary contrast or ammonium persulphate (100 g
from the flux. The samples were subsequently coolegher |itre) to reveal substructure within grains. X-ray
to a predetermined temperature before nucleation wasg|e figure plots were also generated using a Philips
trlgggred by touching the sample surface with a thinapp1700 diffractometer (Cu Kradiation) equipped
alumina needle. . with a texture stage. Vickers microhardness measure-
The measurement of growth velocities was perments were made on polished sections of specimens

formed using a 16-element linear photo-diode arraymounted in Bakelite using a Zwick microhardness
allowing the time taken for the bright recalescenceyegier, applying a load of 1000 gf for 20 s.

front to move across the relatively dark sample to be
measured. Light from the sample was passed throughf Results

beam splitter which distributed the light betweenaCCDFOr the three systems studied maximum undercool

camera and the photo-diode array. The CCD camera al- i

lows accurate sample positioning and focusing. It was"9> of 250 K (Cu/Cu-O) and 208 K (Cu-3 wt% Sn)
ere achieved. Recalescence velocities as a function of

also possible via this arrangement to measure directl ndercooling for the thr tems studied are shown
the dimension of the sample along the photo-diode axis; ercooiing for the three systems studied are sho

A current proportional to the light intensity falling on n F'g.‘ 2. For pure Cu and Cu—.3 wi% Sn alloy, the
each photo-dioide is produced which was then ampli_experlmental points appear to lie on a smooth curve
fied and recorded. Each of the 16 photo-diodes has an
independent, fast settling, low noise, DIFET amplifier 190
with a current to voltage gain of £0/ A—*. The sig-
nals are then passed, via switching circuitry, to a pail
of voltage adders for output. The output signal is dis- 80
played as lightintensity 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 ’é’
measured. >
Copper samples, in the size range 3-5 mm and ¢~ 40}
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 length ok —
of time. After solidification, the final oxygen content 40 80 120 160 200 240
was determined using a thermal conductivity methoa AT/K
and compared to the residual level of oxygen in the asrigure 2 Velocity-undercooling relationships determined for dendritic
received samples. From this procedure, we determinegtowth in pure Cu and dilute Cu-O and Cu-Sn alloys.

20
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over the whole undercooling range studied. However,
for the Cu-O system there appears to be a distinct brea

in the curve aA T ~ 180 K. Above this undercooling
the growth velocity appears to increase linearly with
undercooling. As discussed below, this discontinuity in

Wulff's projection
Relative intensity levels:
— 2.00

—— 4.00
— 500

the curve is coincident with the onset of spontaneous '™

grain refinement, an association that has previousl
been made in a number of other systems [1, 2, 6]. The
maximum measured growth velocities were 97 T s
in copper, 56.8 mst in the Cu-O alloy AT = 250 K)
and 40.4 m st in the Cu-Sn systemA(T =208 K).
Samples of oxygen-free coppexZ00 ppm oxy-
gen) were selected for microstructural examinatio
at undercoolings ranging from 50-250 K at intervals
of approximately 20 K. At all undercoolings the mi- o
crostructure consisted of coarse grains, the size of i) 70 K < AT < 100 K. As the undercooling in-
which decreased smoothly with increasing undercoolcréasesintherange 70 K-100K, achange instructure is
ing. These results are consistent with the findings opPserved from dendritic to equiaxed. This can be deter-
Kobayashi and Shingu [28] who found no evidence ofml_ned from SEM microscopy of the surface structure
spontaneous grain refinement in Cu melts containingFig- 5b), removing the need to produce large num-
<300 ppm Oxygen (with a maximum undercooling of Pers of pollshed_ sections. The microstructure observed
225 K) and Costa Agro Mello and Kiminami [29] who N @ plane section of the alloy undercooled by 90 K
observed grain refinement above 270 K, marginallyPrior to nucleation is shown in Fig. 6. Qram bo_undarles
higher than our maximum achievable undercooling. aPpear to be decorated by copper oxide particles and a
In contrast, in both alloy systems a number of distinctfine interdendritic distribution of either copper oxide or

regions of microstructural development were identified Shrinkage pores is present. Within the grains, there are
In Cu-O there were four such regions: several small spherical elements whose edges and cen-

tres have etched strongly. Appreciable grain growth has
evidently occurred as the substructure extends across

ple of the microstructure in a sample undercooled b)prain boundar_ies_and 'Fhe _grain bogndaries them;elves
40 K: the majority of the area of the micrograph is oc- are curved which is indicative of grain boundary migra-

cupied by a single grain. Samples undercooled in thé'on' X-ray pole flgures conflr_med that these fine grains
were randomly oriented. InFig. 7, anumber of poles are

range 40-60 K showed a very large grain size and Sbserved which are distributed quite randomly across
very coarse dendritic segregation pattern. The dendriti lot. Thi Id ¢ q i th t'fy al
substructure is not confined to one ‘grain’ but extends € plot. 1his would appear to suggest that It a singie
across the one visible grain boundary, suggesting th(,ﬂendrltg dominates the growth at these low undercool-
a significant amount of post-solidification grain coars- 9% this has sgbsequently fragmented, the fragments
acting as nuclei for new grains. During slow cooling,

ening has occurred. Fig. 4 show$1d 1}, pole figure . ' ; i
plot from a Cu-O sample undercooled by 40 K prior g:eer\slgdn;r?)'/:ic;oegsen to give the final microstructure ob

to solidification. There are four intense poles present, iii) 110 K < AT < 180 K. Increasing the under-

€ooling further results in a dendritic surface structure,
as observed previously at lower undercoolings but with
afiner 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) AT > 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-
Figure 3 Optical micrograph of Cu-O sample solidified from an under- ture is spherical, the well developed dendrites seen in

cooling of 40 K. The dendritic substructure can clearly be seen crossing%‘.mFJIeS Un_de_rC00|ed by 110-180 K. being no Ion_ger
a grain boundary in the lower right hand corner. evident. Within some of the spherical segregation

Maximum intensity (136.4)
at Phi = 357.0 Psi = 37.8
Minimum intensity {0.00

at Phi = 213.0 Psi = 84.0

Figure 4 X-ray pole figure plotfof111}c, taken from the sample shown
nin Fig. 3.

i) 40 K < AT < 60 K. Fig. 3 shows an exam-

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.
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220 K.

Figure 6 Optical micrograph of Cu-O sample solidified from an under- Figure 8 Optical micrograph of Cu-O sample solidified from an under-
cooling of 90 K. cooling of 160 K.

Wulff's projection
Relative intensity levels:

—2.00
—4.00
—48.00
—20.0

Maximum intensity (35.15)
at Phi = 99.0 Psi = 10.7
Minimum intensity (0.00)

at Phi = 93.0 Psi = 83.1

Figure 7 X-ray pole figure plotfof111} ¢, taken from the sample shown
in Fig. 6.

Figure 9 Optical micrograph of Cu-O sample solidified from an under-

elements, a small fragment is observed which is cross=2°!ing of 250 K.

shaped or in some cases a small sphere. Another con-

trasting feature here, as compared with microstructurethe equiaxed microstructure observed,{th&l}c, pole
observed in the other grain refinement regime (7@ K  figure showing that there are many randomly oriented
AT < 100 K), is the disappearance of the fine dis-grains present.

tribution of black copper oxide particles which was

very prominent in Fig. 6. However, the shape of the In the Cu-Sn three distinct microstructural regimes
grains and the fact that the substructure is not confinedere identified:

to just one grain suggest that there was some coars-

ening of grains during cooling in the solid state. X-ray i) 43K < AT <73K.Fig. 11 shows the microstruc-
diffractometry of samples (Fig. 10) was consistent withture of a sample undercooled by 43 K. It exhibits a
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i) 73K < AT < 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

Wulff's projection

Relative intensity levels:

:i;gg containing a very well developed dendritic segregation
——gbog ., 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
Figure 10 X-ray pole figure plot for{111jcy taken from the sample  g|ightly but further interesting microstructural features
shown in Fig. 9. 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.

i) AT > 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
Figure 11 Optical micrograph of Cu-3 wt% Sn sample undercooled by agam_mOStly dendritic, althoth there seem to be Som_e
43 K prior to solidification. spherical elements present. The curvature of the grain

Maximum intensity (36.44)
at Phi = 183.0 Psi = 6.3
Minimum intensity (0.00

at Phi = 315.0 Psi = 84.7

Wulff's projection

Relative intensity levels:

—2.00
—4.00
——8.00
— 200.

Maximum intensity (289.7)
at Phi = 213.0 Psi = 9.0
Minimum intensity (0.00

at Phi = 183.0 Psi = 83.8

Figure 12 X-ray pole figure plot for{111}¢c, from the same sample ﬂf i ¢
shown in Fig. 11. i o‘
Lo 272 ’ "Ny

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

coarse grain size and the combination of etchant and di
ferential interference contrast reveals the substructur
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 determin
that this sample has grown as a twinned dendrite. Eac
of the poles 1-6 has a common angle of eithe’532 L
or 10947 with pole 7 and the poles can be grouped
into two groups of four by using pole 7 twice, i.e. (1, 2, ¥
3and 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 rigure 14 optical micrograph of a Cu-3 wt% Sn sample undercooled
the centre. 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.

Wulff's projection
Relative intensity levels:

— 2.00
— 4.00
— 8.00
— 20.0

Maximum intensity (24.97)
at Phi = 273.0 Psi = 14.4
Minimum intensity (0.00) RS -
a8t Phi = 297.0 Psi = 84.6
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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

S . .___achieved.
boundaries indicates that some grain boundary migra- 4in refinement was observed in Cu-O at both low

tion has occurred. The subgrains observed in samplesg k < AT <100 K) and hi
< < gh AT > 180 K) under-
undercooled by 183 Kand 193 K are absent butthere a(:g)olings as an abrupt change in grain size accompanied

twi_ns present which are strongly sqggestive of reprysby a change in segregation pattern from dendritic to
tallisation. Fig. 16 shows the pole figure plot obtainedgpherica|. Grain refinement at high undercoolings is ac-

by x-ray dlﬁrgctometry for 'th|s_ sample. The distribu- companied by a deviation in the velocity-undercooling
tion of poles is random indicating that a large numberyo 4tignship from that predicted by current dendrite
of randomly oriented grains are present. growth models (Fig. 2). We suggest, therefore, that
grain refinement in Cu-O is caused by dendritic frag-
Microhardness measurements were made on samplesentation. Pole figure plots generated for samples un-
of Cu-O and Cu-3 wt% Sn solidified at various under-dercooled by 90 K and 250 K confirmed that the pre-
coolings. Results from these measurements are showexisting, highly oriented dendritic structure had broken
in Fig. 17. In Cu-Sn the microhardness increases to ap, which resulted in a multiplication of grains. This as-
maximum value of 427 kgf mn? at an undercooling sumption is supported by the observation in Cu-O that
of 183 K and then decreases with further increases ithe size of spherical elements observed at the centre of
undercooling to 352 kgf mn? at AT =200 K. Such  grains was comparable to the secondary dendrite arm
a drop in the microhardness is also indicative of a respacing. Solute trapping may aid these processes as it
crystallization process. In contrast, in Cu-O there is ehas been shown here that copper containing less than
smooth increase in microhardness with undercoolin@00 ppm oxygen did not grain refine at undercoolings
from 250 kgf mnT2 at AT =40 K to 386 kgf mm?2  up to 250 K. However, the addition of a greater quan-
at AT =250 K. There is no decrease in microhard-tity of this strongly partitioning solute resulted in grain
ness such as would be expected if recrystallisation hatefinement at both low and high undercoolings.
occurred. However, there is an apparent change in be- At low undercooling there is considerable evidence
haviour in the range 120 k AT <180 K which may for grain boundary migration in both non-refined and
result from an increase in the matrix solute level due tagrain refined structures, the underlying segregation pat-
solute trapping. tern not being consistent with the grain structure. In

Figure 16 X-ray pole figure plot for (111, from the same sample
shown in Fig. 15.
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the non-refined regime this was apparent from a dening dendritic in nature, rather than spherical. Similarly,
dritic network running across grain boundaries, as ighe surface structure of Cu-3 wt% Sn, undercooled by
clearly the case in Fig. 3, while in grain refined samples208 K, was dendritic, compared to that of grain-refined
some grains contained more than one spherical segr&u-O alloys which, at both low and high undercoolings
gation element. This is consistent with the slow coolingis equiaxed.
rates typical of fluxing experiments, which would tend Comparing our results for the Cu-Sn system with
to aid grain boundary migration. However, it was ap-most other reported cases of spontaneous grain refine-
parent that no recrystallisation occurred in these samment, including our Cu-O alloy, we suggest that there
ples. This could be seen microstructurally due to ammay be at least two distinct mechanisms which can
absence of annealing twins and also in the microhardliead to grain refinement. We take grain refinement to
ness measurements where there was a gradual incredsea significant decrease in grain size at a well-defined
in microhardness as a function of undercooling. Conseundercooling together with a transition from a colum-
guently we conclude that the line defect density in thenar to an equiaxed structure. In most cases previously
as-solidified Cu-O samples at the highest undercoolreported, this is accompanied by a change from a den-
ings is too small to provide the necessary driving forcedritic to spherical segregation pattern and a disconti-
for the recrystallisation process. nuity in the velocity-undercooling curve. Evidence for
In Cu-Sn within the undercooling regime 43 K  recrystallisation is often found to accompany the tran-
AT <73 K, the coarse grains observed within thesition from a dendritic to spherical segregation pattern
microstructure had a twinned relationship. This wasin these grain refined materials, although our Cu-O re-
confirmed by generating pole figure plots. At low sults would indicate that this need not necessarily be the
undercoolings, twinned dendrites might give a slightcase, there being no evidence of recrystallisation. By
growth advantage over non-twinned dendrites, whickcontrast, Cu-Sn grain refined samples retain a dendritic
disappears at higher undercoolings. Such twinned dersubstructure despite showing equiaxed grains with a
drites have also been observed in DC-cast aluminiunnandom crystallite orientation. Microstructural and mi-
alloys [30] where they are responsible for features comerohardness data suggest that in Cu-Sn grain refine-
monly known as ‘feather grains’. The dendritic sub- ment is a consequence of a recrystallisation process in
structure in these samples was apparently highly dethe solid state. This contrasts with ‘conventional’ grain
formed: the substructure was poorly developed, it wasefined materials where refinement appears to be the re-
difficult to identify the dendrite trunks and the sec- sult of dendritic fragmentation during the growth phase.
ondary dendrite arms appeared bent and fragmented. At The processes of dendritic fragmentation and recrys-
these relatively small undercoolings, it may be possibldallisation will have different dependencies upon the
that the dendrites which are formed during recalescencenaterial parameters of the system being considered.
are sufficiently thin to be deformed by fluid flow, which Why recrystallisation should precede fragmentation in
may arise during the growth of undercooled melts dueCuSn while fragmentation occurs before recrystallisa-
to strong convection or by the volume change whichtion in CuO is thus not easy to establish. A number of
accompanies solidification. models for grain refinement by fragmentation exist and
As the undercooling is increased, growth of twin- we discuss below a calculation based on the model of
free dendrites takes placeaT > 73 Kyieldinga sub- Mullis and Cochrane [19] which is consistent with the
structure of well-developed, columnar dendrites. How-experimental results presented. However, to provide a
ever, at higher undercoolings, 183KAT <193 K,a definitive answer it is also necessary to estimate the
change in the grain structure was observed. The coaraedercooling at which grain refinement by recrystalli-
columnar grains now contain an array of fine subgrainssation occurs, a calculation that is far from trivial. The
The presence of subgrains within a microstructure is aprincipal driving force for recrystallisation in CuSn is
indication thatarecovery process has occurred. This deat present unknown, it being unclear whether this is
duction is supported by the microhardness data whicldue to an increase in the density of point or line de-
shows a drop abovAT =183 K to levels comparable fects. Even if the mechanism can be elucidated, there
to those obtained at the lowest undercoolings studieds no well-defined route for estimating the density of
Recovery would require a driving force, the magnitudeeither defect type as a function of recalescence veloc-
of which must increase as the undercooling increasesty. Moreover, the mechanical properties of Cu and its
Unlike recrystallisation, which could be driven by anin- dilute alloys are so poorly known in the vicinity of the
creased concentration of point or line defects, recovergolidus temperature that it may not be possible to es-
can only take place in the presence of a high density ofimate the likelihood of recrystallisation, even if the
dislocations which are probably produced by the dendefect density were known.
drite deformation which was observed clearly at lower The Mullis and Cochrane [19] model for grain refine-
undercoolings. ment by dendritic fragmentation is based on a stability
The microstructure seen in the most highly under-analysis of the growth of perturbations to the veloc-
cooled samples revealed a much finer, equiaxed graiity of the growing tip. The rationale behind the analy-
structure but with a clearly dendritic segregation pat-sis is as follows. The growth velocity is considered to
tern. Thus, the refined grain structure observed in highloe determined by the difference between the interface
undercooled Cu-Sn was markedly different to that obtemperature and the far field temperature, that is by the
served in Cu-O and which has generally been reportethermal undercooling. Curvature, constitutional and ki-
in other grain refined alloy systems, the substructure benetic effects are treated as velocity and radius dependant
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depressions to the local interface temperature. A veloc-s.
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-
sultin a velocity perturbatioéV’. Should§V’| > |8V |
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 temperatawe;,, 11
of 183 K at an oxygen concentration of 200 ppm rising12.
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 14,
fragmentation as 207 K, above the observed onset of
recrystallisation at 193 K and on K below the max- 15
imum undercooling achieved. This result is therefore
consistent with our observation that Cu-3 wt%. Sn grain,
refines by recrystallisation. 17.
It thus appears that there are two, independent
mechanisms whereby grain refinement can occuts.
at high undercoolings—dendrite fragmentation and
S 19,
recrystallisation—and that each of these processes hasa
critical undercooling. In some systems (e.g. Fe-Ni andy,
Cu-Ni) these are coincident whereas in others the re-
crystallisation mechanism precedes fragmentation (e.@:
Cu-Sn) or fragmentation occurs before recrystallisation
(e.g. Cu-0).
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