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Directional Solidification of Eutectic and 
Off-Eutectic Au-Co Composites with and 
without Magnetic Field 
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A fibrous eutectic with Co fibres embedded in a Au-matrix can be obtained at 
G/v _> 2 • 105 deg/cm 2 where G • temperature gradient and v = growth velocity. 
Interfibre spacing 2R can be described by R2v = 1.2 x 10-" cm3/sec. Below 
G/v -- 2 x 105 deg/cm 2 cellular growth is observed. Fibre to blade transitions have been 
found over the entire range of growth velocities employed, i.e. between 10-' and 10-2cm/sec 
and are thought to be due to local growth perturbations. Composite growth under the 
influence of a magnetic field produces two effects: an orienting effect and a shape and 
size modification. Orienting occurs at slow growth rates, preferably, in hypereutectic 
alloys and is explained as a magnetic aligning of the ferromagnetic primary Co- 
precipitates. The shape and size modification which results in thick and segmented, 
caterpillar-like Co fibres, appears to be independent of growth rate (within the limits 
indicated above), occurs mainly in cell boundaries at all compositions, including 
hypoeutectic ones, and is thought to be due to a field induced enhancement of local 
temperature gradients. 

1. Introduction 
One of the primary interests of the modern user 
of composite materials is the choice of regular 
two-phase stIuctures from a broad range of 
volume fractions. In growing such composites 
directly from eutectic and off-eutectic melts the 
experimental criterion normally consulted [1] is 

G/v >_ m(Ce -- C~)/D (1) 

signifying that a large temperature gradient G at 
the solid-liquid interface and a small growth rate 
v should favour crystallisation of regular 
composites with appreciable deviation of their 
nominal composition Cn from the eutectic 
composition Ce. D is the diffusion coefficient, m 
the slope of the liquidus line. 

The previously reported effect [2] of a change 
in the composite solidification range through the 
use of a magnetic field appeared to warrant a 
more detailed investigation of the crystallisation 
behaviour of Au-Co alloys. This paper describes 
the results obtained in directional growth of 
eutectic and off-eutectic alloys with and without 
the application of a magnetic field. 

1970 Chapman and Hall Ltd. 

2. Experimental Procedure 
A vertical method of growth was utilised (fig. 1) 
in which evacuated fused silica tubes enclosed 
3 mm diameter and 80 to 150 mm long samples. 
They were transported downward, i.e. with the 
solid-liquid interface moving up, through bifil- 
arly wound Pt-Rh40 wire resistance heaters at 
speeds between 0:3 and 100 cm/h. The tempera- 
ture gradient at the solidifying interface was 
varied by means of different heater arrange- 
ments, one of which is shown in the figure, and 
by the coolant into which the sample submerged 
after leaving the heater assembly. Air cooling 
gave temperature gradients between 10 and 50 
deg/cm, increasing with the amount of super- 
heating. Liquid metal (In--Ga eutectic) cooling 
gave gradients of more than 100 deg/cm. The 
temperature gradients were measured by 0.9 mm 
diameter A12Oa-tube enclosed Pt-Pt/Rh13 
thermocouples that were inserted into a hole 
drilled into the sample. The entire heater 
assembly was contained in a concentric type 
magnet such that a continuously variable 
homogeneous magnetic field could be applied 
parallel to the direction of growth. 
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Figure I Appara tus  for  directional solidification in a magnet ic field. 

Prealloying of the samples was accomplished 
in H~-atmosphere at temperatures around 
1100 ~ C utilising compact Au but powdered Co. 
The hydrogen treatment was necessary to remove 
the large oxygen content of  the Co-powder. The 
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prealloyed material was then inserted into fused 
silica tubes, evacuated at temperatures close to 
the eutectic temperature, and sealed off at vacua 
of 2 • 10 .5 torr  or better. The total metallic 
impurity level of  the raw materials was of  the 
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Figure 2 Microstructure of fibrous Au-Co composite parallel (11) and perpendicular (J.) to growth direction, 

order of  10 ppm by weight. For  sample evalua- 
tion, light microscopy provided sections normal 
and parallel to the growth direction, the former 
of  which were used to measure eutectic cell sizes 
and distances between Co-fibres. Powder X-ray 
analysis served as a method for determining the 
crystal structure of  Co-fibres and Co-dendrites 
which were leached out of  the matrix by a liquid 
mercury treatment at I00 ~ C. Microprobe 
analysis yielded information on the Co-concen- 
tration retained in the Au-matrix and the Au- 
content in the Co-phase. 

3. Results and Discussion 
3.1. G row th  Rate and Fibre Spac ing  

Under normal conditions, employing growth 
rates of  v = 5 • 10 .5 to 3 • 10 -a cm/sec, the 
Au-Co eutectic crystallised predominantly in 
fibrous form (fig. 2). The interfibre spacing 2R 
obtained in directional solidification can be 
satisfactorily described by the extremum 
condition type growth law congruent to the one 
quoted extensively in connection with lamellar 
eutectics [3] (fig. 3): 

R~v - -  K5 (2) 

10 "~ I i , I + I I 
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Figure 3 Relationship of characteristic distance between 
fibres 2R and growth rate v. Dashed line indicates slope 
1/2 or R2v = Konst. relationship. 

where K 5 = 1.2 • 10 - t l  cma/sec. This value is 
to be preferred to the one quoted in reference [2] 
since in the meantime additional, more accurate 
measurements have shifted the average value 
slightly from K5 = 1  • 10 -11 to 1.2 • 10 -11 . 
Similar measurements by Livingston [4] resulted 
in (2R)Zv --  6 • 10 -11, thus yielding/(5 = 1.5 • 
10 -11 which agrees well with our observation. 
Calculation of /(5 from corresponding states 

t 029 



P. R. S A H M ,  H. R. K I L L I A S  

estimates (see Appendix, equation A3) gives 
/(5 = 2.9 • 10 -11 cmZ/sec suggesting possibly, a 
smaller diffusion coefficient than that assumed 
in the calculation (D = 10 -5 cm2/sec). 

Utilising the expression tor /(5 derived by 
Jackson and Hunt [3], one can obtain an 
estimate of the average solid-liquid interface 
energy 

as,p_, = (as, , + %,) /2  

assuming that a~,~ between Co-fibre and melt 
and a~,, between Au-matrix and melt may be 
equated. It yields: 

a=,#_z = 2KsK'K2(~)Ac(1 + ~)~/2/DTe 
sin'~,,p[~(VdL~,m~,) + (V~/L/~m~)] (3) 

(For explanation of terms and their values see 
Appendix.) Inserting numerical values into 
equation 3 gives as,p_ ~ = 79.3 erg/cmL This 
value appears to be rather low when compared 
to the surface tensions of the pure metals 
against vacuum [5] of aAu = 1200 erg/cm 2 and 
aco = 1855 erg/cm 2 even though lower values 
than these must be expected against the eutectic 
melt. Such a low a-value, however, is not too 
surprising if one looks at the Au-Co equi- 
librium diagram [6] in fig. 4. It indicates that at 
Te = 996 ~ C only 3.5 at. ~ Co segregation 
from the melt in the form of fibres increasing to 
about 25 at. ~ ,  i.e. about sevenfold, upon cooling 
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Figure 4 The binary A u - C o  equi l ibr ium diagram. The 
Cur ie temperature in the l iquid phase is drawn according 
to Busch and GL~ntherodt, Solvay Congress  1969. 
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to room temperature. Microprobe analysis 
yielded an amount of 2 at. ~ Co in the Au 
matrix corresponding closely to a calculated 
maximally possible 5 at. ~.  This means that the 
fibres crystallising out from the melt require an 
interface surface to volume ratio approximately 
three times higher than that appearing in the 
micrographs (e.g. fig. 2) thus requiring corre- 
spondingly lower interface energies as,/~ and, 
since 

a~, d = a~,p_ ~. 2 cosc%p, 

also lower solid-liquid interface energies. 

3.2. Range of Composite Growth 
Fig. 5 illustrates the fit between the measured and 
the expected range of composite growth. The 
unusual logarithmic scale of G/v was chosen to 
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Figure 5 Range of composite growth in A u - C o  alloys. 

emphasise the limitations of the simple constitu- 
tional supercooling criterion of equation 1 in 
favour of Cline's modified version [7]. 

m 
G/v = ~ (Cn -- ee) + Klci (4) 

with m = - t - 1 6 0  and --920 deg/at, fraction, 
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Figure 6 Growth band in hypoeutectic Au-Co alloy. Note 
numerous branching of fibres into growth direction. 

D = 10 -5 cm2/sec, c~ -- 0.27, and ci standing for 
the concentration of an assumed impurity caus- 
ing cellular growth to occur at G/v < 2 • 105 
deg sec/cmL On the Au-rich side of the eutectic 
no breakdown into a dendritic morphology was 
observed under steady state growth conditions, 
with the exceptions of loci where nucleation of 
the Co-phase was necessary to start off coupled 
growth, i.e. in the initial section of the ingot [8 ] or 
ahead of growth bands (fig. 6). The existence of 
growth bands also indicates the reality of a 
boundary layer ahead of the solid-liquid inter- 
face which in this particular case was Co- 
depleted with respect to the nominal composition 
of the alloy. Calculation of the equilibrium 
interface composition after Cline's analysis [7] 
suggests that the interface composition is 
slightly hypereutectic over the entire range of 
composite growth (fig. 5). 

3.3. Cellular Growth 
Since it is normally believed that cellular growth 

is caused by impurities, spectroscopic analysis 
was performed. It showed the presence of the 
order of 1 ppm by weight of Mg, Ag, Cu, Si, Fe, 
and Ca plus approximately 10 ppm of Pb. 
Although a segregation of these impurities to 
cell boundaries was not detectable by micro- 
probe analysis, the measured total impurity 
concentration is obviously sufficient to account 
for the observed value of Kic~ of equation 4. 

A closer examination of the cell boundaries 
(fig. 7) shows the presence of spherulitic Co- 
particles within the boundary zone. The form- 
ation of such particles implies a nucleation 
determined growth process in a strongly super- 
cooled melt environment (as provided by a 
eutectic cell boundary) and requires a local 
negative temperature gradient around each 
growing spherulite [9]. The degree of super- 
cooling is a function of the impurity level 
present and determines the slope in the experi- 
mentally found relationship for the eutectic 
cell diameter 

De = 2.5 • 10 -~ (I/Gv) 1/2 + 3.7 • 10 -~ cm. (5) 

A relationship of this form has been observed by 
Rumball [10] in A I ~ Z n  eutectics doped with 
Cu- and Ag-impurities. 

It is interesting to note that micrographs such 
as fig. 7a suggest a helix-like growth of the 
eutectic cells. Similar observations have been 
made by Double et al [11] with respect to 
individual lamellas in lamellar eutectics. 

3.4. Rod to Blade Transition 
Local transitions from the fibrous into a blade- 
like morphology were observed in Au-Co 
eutectics as shown in fig. 8. Similar to findings 
reported in A1-A13Ni [121, Ag--Pb [13], 
GaSb--CrSb [14] and other eutectics, these 
transitions were preceded by an alignment of 

T A B L E  I Compilation of magnetic field induced phenomena in the microstructure of Au-Co two-phase alloys. 

Phenomenon Orientation effect Magnetic field Compounding effect 

Appearance of normal, randomly oriented H = 0 spherulitic particles: 
microstructure dendrites (a) in eutectic cell boundaries; 

Appearance in 
microstructure 
Location in ingot 

Alloy composition 
Growth rate 

directionally aligned H ~ 0 
smoothened dendrite stalks 
throughout entire volume H r 0 

hypereutectic (Cn >_ 27 at. ~ Co) H 7s 0 
slow (< 10 -~ cm/sec) H r  0 

(b) along growth bands 

caterpillar-like growth formations 

(a) eutectic cell boundaries; 
(b) growth bands 

all (en > 23.5 at. ~ Co) 
all (10 .2 to 10 -5 cm/sec) 
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Figure 7 Cellular growth of eutectic Au-Co composite 
parallel (ll) and perpendicular (J.) to growth direction (7a). 
(The arrow indicates the position of 7b.) Spherulite form- 
ation in colony boundaries (Tb). 
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fibres into parallel lines in anticipation, as it 
were, of a later lamellar arrangement. While 
Livingston [4] reported a full-fledged transform- 
ation into blades at growth rates above approxi- 
mately l0 -1 cm/see, the local transition phenom- 
enon reported here prevailed at all growth rates 
and was particularly well distinguishable at the 
lowest rate of 8 • 10 .5 cm/sec (fig. 8). The 
micrographs also show that the Co-rods were 
faceted, probably with smooth facets at the point 
of solidification, then assuming a rough appear- 
ance and irregular shape through solid state 
precipitation during cooling. The transition into 
the blade-like morphology appears to be simply 
due to the elongation of certain facets of the 
rods [15]. 

3.5. Solidification in a Magnetic Field 
In the experiments referred to below a D C 
magnetic field of 2000 Oe was applied in parallel 
to the direction of growth as illustrated by fig. 1. 
The observed effects were (a) an  orientation of 
the ferromagnetic component (orientation effect) 
and (b) a size and shape modification ("com- 
pounding effect"). Fig. 9 and table I summarise 
the effects. Orienting and compounding are 
discussed separately, even though a certain over- 
lapping of the phenomena cannot be excluded. 
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Figure 8 Fibre-to-blade transition in eutectic Au-Co 
composites. Sequence 9a-c shows a most ideal fibrous 
eutectic condition (a) progressing toward a r ibbon-- 
growth condition (c). 

An orientation of ferromagnetic Co-dendrites 
in a metallic melt has been previously observed 
and explained in the Bi-Co system [16]. A 
similar explanation may be applied here: 
Primary Co-dendrites which are nucleated ahead 
of the advancing solid-liquid interface are 
aligned in parallel to the field. This results in an 
"enforced aligned growth condition" with two 
interfaces: the dendrite tip interface and the 
planar eutectic matrix interface (fig. 10). As in 
the case of Bi-Co alloys, the undercooling at 
the dendrite tip interface is small and not 
affected by the applied magnetic field. 

The "enforced aligned growth condition" 
takes shape after an initial amassing (fig. 11) of 
mlmerous small dendrites or of dendrite debris 
(possibly stemming from larger broken den- 
drite~). This amassing is thought to be caused by 
the field gradients which exist at the solid-liquid 
interface due to magnetisation differences be- 
tween melt and solidified Au-Co alloy and, in 
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Figure 9 Magnetic field modified Co-precipitates in Au-Co alloys, Oriented Co-dendrites (9a) and segmented cater- 
pillar-like Co fibres in eutectic cell boundaries (9b). 
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Figure 10 Illustration of the "enforced aligned growth 
condition". T I -- T~ = ~Tk = kinetic undercooling. 

addition, by the weak field gradient of approx- 
imately 40 Oe/cm which was superimposed on 
the liquid zone by the experimental set-up (fig. 1). 
A simple comparison between the force Km 
exerted by this latter gradient in the direction 
opposite to the growth direction and the buoy- 

ancy force Kb and a 1 Fm diameter Co-particle, 
of volume V and density ~co acting in the growth 
direction, 

dH 
Km = -  -- H -~z g ( • s o l i d  - -  F l i q u i d )  

= 4 • 10 -s dynes 

Kb = V(3au -- SCo) g = 4.6 • 10 -11 dynes 

indicates that existing field gradients must have 
resulted in noticeable mechanical forces on the 
primary ferromagnetic Co-particles in the melt. 

The smoothened appearance of Co-particles in 
both the dendrite debris sections (fig. 1 la) and to 
a certain extent also in the "enforced aligned" 
section (fig. l lb)  are ascribed to convection 
cur rents inducing re-solution of surface irregular- 
ities. Convection currents are caused, at least in 
part, by the rotation of Co-particles during 
alignment in the field. 

In conclusion then, the orienting effect appears 
to be based on two phenomena: 
(1) Field gradient forces overcompensate buoy- 
ancy forces acting on primary Co-precipitates 

Figure 11 Typical sections found in magnetic field Co-dendrite stalk formation: fine particle section (a) and "enforced 
aligned growth" section (b). 
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and amass them at the solid-liquid interface and 
(2) the Co-precipitates become aligned parallel to 
the magnetic field lines with the longest dendrites 
yielding the smooth Co-dendrite stalks observed 
in the enforced aligned growth condition. 

The compounding effect applies to the magnetic 
field induced formation of thick and segmented 
caterpillar-like Co-fibres where spherulites would 
normally be expected (table I). It appears to be 
more than a mechanical effect of aligning and 
conglomerating several spherical Co-particles 
into the formations shown in figs. 9b, 11, and 12, 
even though this possibility cannot entirely be 
excluded. It rather appears that these caterpillar- 
like formations are due to a direct influence of the 
field on the solidification mechanism. This 
assumption is supported by the microstructure 
in fig. 12 where the segmented thick fibres are 
seen to replace the normal eutectic structure in 
appreciable portions of the sample, having 
consumed, as it were, all those Co-atoms which 
normally would go into the regularly spaced Co- 
fibres of the eutectic. 

Figure 12 Growth band induced "compounding effect". 
Normal growth band coarsening of Co-phase would only 
yield spherulitic precipitates (see arrows in figure). 

The segmented fibres originate at spherical 
Co-particles associated with growth bands (fig. 
12) or with eutectic cell boundaries (fig. 7b). As 
pointed out previously, spherulitic growth 
presupposes a negative temperature gradient 
around each growing particle. It is now suggested 
that the magnetic field damps the perpendicular 
component of the microscopic convection 
current around the particle, thereby reduces the 
heat flow in this direction and thus enhances the 
temperature gradient at the top of the particle 

with respect to its sides [17, 18]. The particle, 
instead of continuing its spherical growth, will 
grow unidirectionally into the enhanced temper- 
ature gradient forming a second spherulite still 
attached to the first one. By repeating this 
process, a quasi-steady state growth condition 
may be achieved leading to the observed cater- 
pillar-like thick Co-fibre formations aligned in 
the magnetic field direction. 

It should be noted that for our interpretation 
of the compounding effect we have not made use 
of the fact that in liquid Au--Co alloys the 
existence of ferromagnetic interactions has been 
reported [19]. It is felt, however, that if the effect 
of ferromagnetism on such gtowth parameters as 
diffusion constant [201, surface energy, and 
undercooling would have to be taken into 
account, any such effect would be small when 
compared to the error limits of the order-of- 
magnitude calculations underlying the present 
interpretation. 

4. Conclusions 
Directional solidification of eutectic Au-Co 
alloys has yielded the following results. 
(1) At G/v _> 2 • 105 deg.sec/cm ~ a regular 
fibrous composite is obtained with irregularly 
faceted Co-fibres embedded in a cobalt- 
saturated Au-matrix. 
(2) The interfibre spacing 2R can be described by 
the relationship 

R2v = 1.2 • l0 -11 cm3/sec. 

(3) At G/v _< 2 • 10 ~ deg.sec/cm 2 cellular 
growth is observed. The cell diameter can be 
described by 

De = 2.5 • 10 -~ (1/Gv) 1/2 + 3.7 • 10 -~ cm. 

(4) Local fibre-to-blade transitions have been 
observed over the entire range of growth 
velocities employed, ie between 10 -5 and 10 -~ 
cm/sec 
(5) Composite growth under the influence of a 
magnetic field produces two effects: an orienting 
and a compounding effect. 
(a) Orienting produces smooth Co-dendrite 
stalks and occurs at slow growth rates, preferably 
in hypereutectic alloys and is explained as a 
magnetic aligning of ferromagnetic primary 
Co-precipitates. 
(b) Compounding produces segmented caterpillar 
like growth formations and appears to be inde- 
pendent of growth rate (between 10 -2 and 10 .5 
cm/sec) and composition. It is associated with 
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eutectic cell boundaries and growth bands and is 
suggested to be due to field induced enhancement 
o f  local temperature gradients. 
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Appendix 
Jackson and Hunt ' s  expression [3] for  K~ may be 
given as follows 

D.Te.sin~,  B 
g~ = AcK2 (~) (1 + ~)x/2 

[ ~cr~V~ (r~V~] 1 (A1) 

L :m~ + L~m~j 2--K' 
where: 
D = 
T~ = 

o~a,,8 = 

m 

= 

cra,fl_ ~ 

g~,fl  z 
Ac = 

K ~ ( ~ )  = 

L~,~ = 

diffusion coefficient in cm2/sec 
eutectic temperature in ~ 
groove angle between phases ~ and/3 at 
solid-liquid interface 
45 ~ = assumed average groove angle 

~ = l ( ~ q ~  w i t h ~ b ~ , ~ = v o l u m e f r a c  - 

t ion o f  phases ~ or/3. 
solid (c~ or fi)-liquid interface energy in 
erg/cm 2 
molar  volume in cma/mol 
difference of  solubility limits in at. 
fraction 
Bessel function dependent constant,  see 
reference [3] 
latent heat o f  fusion of  phases c~ or  fl in 
cal/mol 
liquidus slope in deg/at, fraction 

K'  = conversion factor:  ergs into cal. 
Assuming that  

one may arrive at an expression for  the average 
solid-liquid interface energy: 

2K'K~K2(~)(1 + ~)I/2Ac 

= { ~V~ Vp ) (A2) 
5~,~_~ DTe sinS~,~ \L~m~ + L ~  

I 

An estimate of / s  f rom first principles may be 
obtained if one utilises an expression for  cr on 
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the basis o f  corresponding states [21 ] connecting 
the solid-liquid interface energy with the latent 
heat o f  fusion: 

cry,g_ ~ = 0.5 L~,,B (energy unit /atom) 
To express a in erg/cm 2 and L in cal/mol, this 
equation must  be modified in the following 
manner  

0.5K'Lo,~ 
a,,~_ ~ Nr) j  a V~,,B2/a 

where 
K '  = conversion factor  (4.186 • 107 erg/cal). 
N5 = Avogadro ' s  number  (6.022 • 10 ~z atoms/  

mol). Equat ion A1 then becomes simply 

sin 5~,,~. DTe 
K5 = 4NL 1/S AcK~(~)(1 + ~)1/2 

[~Vc~ 1/3 V 1/3 ] 
+ ' ~  �9 (a3)  

k rn~ rn/~ 

Equat ion A3 shows a simplification with respect 
to equation AI  in that  bo th  interface energy and 
latent heat o f  fusion disappear in favour o f  the 
molar  volume. The term sinS~,J4N511s is 
constant for ~,~ 5 =  45 ~ (2.1 • 10-9). 
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