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Application of macrosound (25 kc; 50 W.em -~) affects the growth of a cylindrical zinc single crystal 
whose c axis is almost perpendicular to its length axis so that its shape is changed into a uniform 
hexagonal geometry. This result is discussed on the basis of concepts that involve the influence 
of macrosound on the stability of forms of crystal faces through dislocation activation. 

Introduction 
I t  has been shown that  macrosound (intense ultra- 
sonic waves) may affect the surface roughness, crys- 
tallographic orientation and critical shear stress of zinc 
single crystals grown from the melt  (Langenecker & 
:Frandsen, 1962). The effects proved to be dependent 
upon the intensity of the applied field and they were 
discussed on the basis of concepts that  involve the in- 
fluence of sound on the conditions of vacancy super- 
saturation during cooling of the crystal, and the for- 
mation of dislocation networks during homogeniza- 
tion behind the solid-liquid interface. 

The influence of 25 kc macrosound on the crystal- 
lographic orientation, i.e. the change in the angle Zo 
which is formed by the basal plane and the longitud- 
inal axis of the crystal, amounted to as much as 10% 
The initial orientation of the seed crystal usually was 
30 ° <g0 < 60 °. However, some at tempts were made to 
study the influence of sound waves on Z0 in the case 
of 'extreme oriented' crystals, where Z0 is either close 
to 0 ° or 90°; but no constructive result was obtained 
at that  time. This was essentially due to two facts, 
one of which was that  the experimenters were mainly  
interested in the influence of sound on the critical 
shear stress of crystals rather than in effects on their 
crystallographic orientation. The discovery of the 
acoustic effect on the crystal orientation was therefore 
a by-product. 

The other fact which hindered more detailed inves- 
tigations on Z0 was the difficulty in the control of the 
proper acoustic radiation; the ultrasonic equipment 
available at that  t ime was not satisfactorily developed. 

Since then, the equipment for production and control 
of macrosound has been markedly improved. The form 
of waves, the power amplitudes, and the duration 
(i.e. the number of cycles) are now satisfactorily 
reproducible. 

On the basis of our earlier work, and because of our 
considerable interest in the effects of macrosound on 
crystal orientation, we continued with experiments in 
that  line, particularly with the use of specimens whose 
crystallographic orientation is close to Z0--0 °. This 
paper presents results of such studies on zinc single 

crystals in which the angle Zo < 5 °, i.e. where the c axis 
is almost perpendicular to the longitudinal axis of the 
specimen. 

Material and experimental equipment 
The single crystals were grown either from a high 
puri ty melt  of 99"999% zinc, or from a less pure melt  
containing 99.93% zinc. A modified Czoclu-alski (1917) 
apparatus was used as shown in Fig. 1. The modifica- 
tions of the Czochralski pulling device consisted essen- 
t ial ly of an improved macrosonic equipment which 
generated and controlled the irradiation. The acoustic 
output of the piezoelectric transducer was measured 
through the use of a MASSA microphone which was 
placed on the tip of the transducer instead of the 
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Fig. 1. Modified Czochralski crystal pulling apparatus. 
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seeding and growing crystal. With the MASSA pickup 
the power meter was calibrated in units of acoustic 
energy emitted from the tip of the transducer. The 
intensity (sound power level) of sound waves emitted 
from the transducer was adjustable within 0.1 and 
100 W.cm -2. 

After the calibration, the MASSA microphone was 
replaced by a seed crystal which had previously been 
examined for uniform shape, diameter, and crystallo- 
graphic orientation. Surface and diameter of the crys- 
tal were investigated through the use of a Reichert 
metallograph. Only uniform cylindrical crystals hav- 
ing a diameter of about 1 mm were used. The crystal- 
lographic orientation was determined by the X-ray 
crystal rotating method. The seed crystals had a go 
of almost 0 °. 

Zinc was molten in a conventional oven under the 
protection of inert gas (96% nitrogen, 4% hydrogen). 
Then the seed crystal was inserted into the melt and 
subsequently raised to a speed between 3 × 10 -a and 
5 x 10 -9 cm.sec -1. After normal growth of about 2 cm 
of uniform cylindrical zinc single crystals, the macro- 
sonic irradiation was turned on; after growth of an- 
other 2 cm, the sound was turned off. The portions 
that  had been grown under the influence of macro- 
sound were investigated in the microscope and exam- 
ined by X-ray. 

• 

,2  

Resu l t s  

First of all, some of the earlier experiments were 
repeated; in fact, with crystals of 'medium' orientation 
(i.e. 30 ° < Z0 < 60°) the earlier results reported (Lan- 
genecker & Frandsen, 1962) were confirmed. 

Next, crystals were grown with orientations close 
to g0=0°; this was achieved through the growth of 
crystals on medium oriented seeds the tip of which 
has been bent to a determined degree before inserting 
into the melt. The new 0°-crystals were then used as 
seed crystals in the subsequent experiments. 

Physical  shape 
A typical result of five successful experiments is 

shown in Fig. 2. This high-purity zinc crystal has an 
orientation of 2~0 ~-3 ° and it was grown under the in- 
fluence of a 25 kc macrosonic field having an intensity 
of about 50 W.cm-2; the speed of pulling, v =  dx/dt = 
1.3× 10 -2 cm.sec-1; and the temperature gradient 
G = dt/dx ~_ 35 °C.cm-1. 

The external shape, i.e. the physical geometry of 
the specimen grown during irradiation, is of pro- 
nounced hexagonal geometry. The seed crystal used 
in this experiment, however, was a uniform cylindrical 
specimen. Upon application of maerosound (indicated 
in Fig. 3 by A) the circular uniformity of the adhering 
and growing crystal turned into a six-sided rod and 
continued to grow in this hexagonal geometry as long 
as macrosound was applied. At the position indicated 
in Fig. 3 by B, the sound intensity was reduced from 

Fig. 2. Zinc single crystal with hexagonal geometry grown in 
a macrosonic field (25 kc). 

about 55 W.cm -2 to about 50 W.cm -2 which caused 
a decrease in diameter of the specimen. But there 
was no change in its geometrical shape. At point C, 
the sound power amplitude was increased again 
(above 55 W.cm -2) which caused a growth with in- 
creasing diameter. Still, the hexagonal geometry was 
continued. At D the sound field was turned off. 

After the macrosound was turned off, the crystal 
continued to grow in the uniform cylindrical manner 
as it did before the irradiation. Also its diameter 
returned to its previous value, i.e. about 1 mm as 
before irradiation. This is not surprising, since the 
diameters of portions not irradiated are determined 
by the temperature of the melt and the rate of pulling 
in the Czochralski (1917) device. 

Two similar experiments in which the less pure zinc 
was used gave similar results; this indicates that  the 
appearance of the hexagonal geometry does not de- 
pend on purity. 

In tens i ty  l imits  

I t  should be mentioned that  in the case of medium 
oriented crystals macrosound having intensities of the 
order of 5 W.cm -2 is sufficient to cause detectable 
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Fig. 3. Sketch  of the zinc crys ta l  shown in Fig. 2. 

effects on crystal growth; at intensities greater than 
about 40 W.cm -e medium oriented high puri ty  zinc 
crystals deform plastically (Langenecker, Frandsen & 
Colberg, 1963) and thereby stop the growth. In the 
case 0I extreme oriented crystals, however, intensities 
up to 60 W.cm -9 may be applied. Such intensities are 
just below those at which deformation of the crystals 
o c c u r s .  

Rate of growth 
Through variations in the speed v=dx/dt  within 

3 x 10 -3 and 1.5 x 10 -2 cm.sec -1, we found that  the 
appearance of the hexagonal geometry was not con- 
fined to a distinct speed v. However, with increasing 
v, the edges of the hexagonal portions became less 
pronounced and above a speed of some 10 -9' cm.sec -1 
the crystals grew in the familiar cylindrical manner, 
but  much less uniform in diameter than at low values 
of v. 

Even at high speeds (v > 2 x 10 -2 cm.sec -1) at  which 
no crystals with hexagonal geometry were obtained, 
the specimen grew as cylindrical single crystals up to 
speeds of the order of v _ 5 x 10 -e cm.sec -1. This rate 
is about 1.6 to 1.8 times as great as the maximum 
rate at  which zinc single crystals can be grown when 
no macrosound is applied. Measurements on zinc crys- 
tals of other orientations (0 ° <Z0< 60 °) indicate that  
macrosound increases the rate of growth by a factor 
of 1-6 to 1-8 for crystals of any orientation. 

Discuss ion  

At first, one may a t tempt  to correlate the faces of zinc 
single crystals with the described hexagonal geometry 
to low order lattice planes. The c axis of these crystals 
proved, however, to be perpendicular to the length 
axis of the specimens, which precludes such a t tempts  
from plausible interpretations. Still, the hexagonal 
geometry exclusively appeared on crystals whose c 
axes are perpendicular to the length axis. Thus, crys- 
tal  structure has something to do with the formation 
of the faces. The underlying correlation in structure 
and geometry is assumed however to be an indirect 
one; namely it is due to imperfections introduced in 
certain planes by acoustic effects. 

From this point of view, the free surface energy 
(Gibbs, 1928) 

Vo = ~v aiFi = minimum (1) 
i 

(where at is the specific free surface energy of a plane 
i, and F~ is the area of the plane i) is different for 
perfect planes and for those which incorporate dis- 
located atoms. This difference appears in the deposi- 
tion of atoms so tha t  the deposition is increased in 
faces parallel to imperfect planes (Frank, 1949; 
Knacke & Stranski, 1952). 

Without going into details we may  state tha t  the 
density of imperfections ending in planes parallel_to 
the solid-liquid interface (in our case, the (1010) 
plane) is augmented through activation of dislocations 
by macrosound. Langenecker (1957) and Langenecker 
et al. (1963) have shown that  high strain amplitude 
ultrasonic stress w a v e s - - a l t h o u g h  alternating in 
s i g n -  are capable of producing a 'forward' migra- 
tion of dislocations. Accordingly, macrosound drives 
dislocations from the seed to the solid liquid interface. 

Since the resolved shear stress required to move a 
dislocations (--dislocations confined to basal planes) 
is known to be much lower than those required for 
dislocations in any other planes, a dislocations are 
primarily moved by macrosound. The irffluence of 
these dislocations (which are assumed to be randomly 
distributed) will be most regular and symmetric when 
the defects enter the solid-liquid interface perpendic- 
ularly (for any other 'angle of incidence', asymmetric 
growth will result owing to an accumulation of disloca- 
tions on one side of the crystal as determined by the 
glide elements). This prerequisite for symmetric growth 
is fulfilled in crystals where the c axes are perpendic- 
ular to the length (or in other words, the (1010) planes 
are parallel to the interface), which is in good agree- 
ment with the present observations. 

The size and symmetry of faces to which the 
acoustically increased deposition of atoms may lead 
are assumed to be determined by an equilibrium in 
forces that  result from imperfections (the strain energy 
of which enhances the growth) and in forces which 
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result from the tension created by the drag of the 
melt on the seed. 

We may also consider the idea that  deposition of 
atoms around ending dislocation lines may initially 
occur as circular, and then may become polygonal, 
and in particular hexagonal as is known from many 
cases of crystal growth (Smakula, 1962). Superposition 
of all of these 'unit cells' around dislocations may 
then give the observed hexagonal geometry. However, 
it is quite unlikely that  polygonal spirals grow around 
dislocations while the crystal is pulled from the melt. 
Thus, all that  remains is to believe in the tendency of 
equilibrium to form hexagonal geometry, of which 
nature is known to give many examples. Several types 
of single crystal grown from the melt were shown to 
exhibit a hexagonal network the size and regularity 
of which were found to depend upon speed of growth, 
temperature gradient, and impurity content, but have 
nothing to do with crystal structure. Rutter  & Chal- 
mers (1952) have shown that  these hexagonal cells of 
that  network essentially consist of a particular distrib- 
ution of impurities resulting from non-equilibrium 
during solidification. The hexagonal geometry re- 
ported in this paper, however, was found not to 
depend on impurities; thus, Rutter  & Chalmer's con- 
cept does not apply to the present case. 

The interpretation above of the acoustically formed 
hexagonal geometry implies that  an increase in the 
rate of growth is expected to accompany the increase 
in the density of defects at the solid-liquid interface. 
I t  was quite gratifying that  an increase in rate of 
growth, v, actually occurred during acoustic irradia- 
tion (this increase as mentioned in the preceding 
section amounted to as much as a factor of 1.6 to 1.8). 
I t  is still necessary to show that  such an increase in v 
can not be achieved by much simpler effects than 
dislocation activation etc., for instance by acoustically 
affected cooling of the solid phase. 

For 'conventional' growth (when no sound is ap- 

plied), Andrade & Roscoe (1937) correlate the rate 
of growth, v, with the temperature gradient G, in the 
form 

(1 + K1/K2)K1 G (2) 
V----- 

L 

where K1 and Ke represent the thermal conductivity 
of the crystal and the melt, respectively, and L is the 
heat of crystallization per unit volume. This correla- 
tion is known to be a qualitative description rather 
than a quantitative one. However, an increase in v by 
as much as 1.6 to 1.8 requires a decrease in the tem- 
perature of the solidifying crystal by some 20 ° C. 
However, no changes greater than 8 °C were meas- 
ured, and thus acoustic cooling can not account for 
the observed increase in v. 

The author wishes to thank Mrs R. Lytton and Mr 
W. H. Frandsen of the Research Department for help- 
ful discussions and practical assistance. 

References 

ANDRADE, E .  N.  DA C. & ROSCOE, R .  (1937). Proc. Phys. 
Soc. Lond. 49, 152. 

CZOCm~ALSKI, J. (1917). Z. Phys. Chem. 92, 219. 
FRANK, F. C. (1949). Disc..Faraday Soc. 5, 48. 
GIBBS, J. W. (1928). Collected Works, 1,320. :New York: 

Longmans, Green and Co. 
KNACKE, O. & S~U~A~SKI, I. :N. (1952). Ergebn. exakt. 

Naturw. 26, 383. 
LANGENECKER, B. (1957). Diss. Univ. Wien, Austria. 
LANGE17ECKER, B.  & FRANDSEN, W.  H .  (1962). Phil. Mag. 

7, 2079. 
LANGEN-ECILER, B., FRAN])SEN, W. H. & COLBERG, S. 

(1963). J. Inst. Met. e)l, 316. 
RUTTER, J. W. & Cm~ERS, B. (1953). Canad. J. Phys. 

31, 15. 
SMAKVLA, A. (1962). Einkristalle. Berlin: Springer. 

Acta Cryst. (1964). 17, 907 

The Determinat ion  of Axia l  Ratios  from Powder  Diffraction Patterns  
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Ace urate axial ratios of anisotropic crystalline phases can be obtained from precision powder data 
by computing exhaustively the axial ratios from pairs of closely spaced, non-overlapping reflections. 
The method has been applied successfully to the tetragonal, hexagonal, orthorhombic, and monoclinic 
systems. 

The determination of axial ratios with the reflecting 
goniometer was developed into a precise technique 
by mineralogists of the nineteenth century. Compendia 

such as Dana's System of Mineralogy or Groth's 
Chemische Krystallographie are replete with this type 
of morphological information which has been of 
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