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the temperature dependence of two of these
components, the shear moduli Cy, (7) and C;;
(T). These moduli refer to shear over (001)
planes in the [010] and [100]} directions, res-
pectively. The two sets of calculations [12, 13]
disagree over these moduli, for example at
—196°C, C,, is quoted [12] as 34 x 100
dyn cm~2 and [13] as 4.5 x 10' dyn cm~2,
while the calculated C;; are 1.2 and 2.3 x 1010
dyn cm~2, respectively. At present there is no
experimental value for either C,, or Cj;. Now
torsion about the c-axis of a single crystal of
orthorhombic symmetry involves [14] terms in
Cy as well as C;;, but torsion around D of the
cylindrical specimen of Fig. 1 will involve only
the crystal modulus C,, together with Ga, the
shear modulus of amorphous polyethylene. Thus
from the measured composite shear modulus, the
known crystallinity and the estimated [15] value
of Ga, a series model calculaton [16] would
yield experimental values for Cy, (T') to compare
with the theoretical predictions.

Further work is under way in trying to improve
the orientation; increasing the draw ratio to
make a longer specimen will be the first step
towards this, while it is also hoped to increase the
transverse orientation function fj 5 4,7 from 0.898
towards the value of 0.972 reported for a disc
specimen of single crystal texture {17]. The
results of the experiments outlined above will be
published elsewhere.
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Comments on “The equilibrium
topography of sputtered amorphous
solids”

Carter and his collaborators have reported a
series of studies related to the equilibrium
topography of sputtered amorphous solids [1-3].

© 1974 Chapman and Hall Ltd.

In their recent work [3] the computer calculation
has been devised to simulate the development of
a general surface contour to the equilibrium
condition. The purpose of this letter is to show
that the two correction procedures described
below should be introduced in their calculations
and these corrections lead to the different
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Figure 1 Sputtering yield S(6) as a function of ion in-
cidence 6.

developments of the surface topographies from
their results.

In this treatment it is assumed that the
changes of surface occur only as the result of
atomic ejection and a sputtering yield is given as
a function of angle of ion incidence. Hence, both
the surface diffusion process and the redeposition
of sputtered material are ignored. The basic
equation of motion of the changing surface topo-
graphy is given by [3]

o0 oS 00
5= " 55 05)—Ca )
where the surface contour is represented by a
curve y = f(x)and bombardment is by a uniform
beam of @ ions sec™? in the negative y-direction.
# is the angle of incidence of the beam, with
respect to the normal to any point on the target
surface, i.e. tan = dy/dx, n is the atomic
density of the target and S the sputtering yield
(which is a function of 6 of the form shown in
Fig. 1, where + 6,, is the angle at which S(6)
reaches its maximum value, m). It is not generally
possible to obtain the solution of Equation 1 to
give a time-dependent variation of the contour.
For the convenience of the later discussion, we
conjecture the development of the surface con-
tour from Equation 1. Consider a concave
downward surface bombarded in the negative
y-direction as in Fig. 2, in which at any point B
in the range from 4 to C on the surface (x4 <
xg < Xx¢), Op is initially always 0,, > 64 > 0z
> 0g > 0. Thus (85/90) > 0 and (86/9x) < 0,
00/0t is positive from Equation 1 and S4 > Sg >
Sc, the curve tends towards a line at a certain
angle 0 to x-axis in the range from 84 to 8,,. It
is worthy of note that 8 is not always equal to
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Figure 2 Erosion of a surface contour by sputtering.

f,, because the surface reaches the equilibrium
slope once the surface contour becomes to a
straight line, where (66/0r) = 0 since (96/9x) = 0.
This result is tabulated in Table I, i.e. (a)-(2),
with the similar results obtained under the other
initial surface contours. The sketches of the
developments of the surface topographies under
the initial conditions (a) and (b) in Table I are
shown in Figs. 3a and b, respectively. These
developments are similar to those reached by
Stewart and Thompson [4], and Carter ef al [1].

For a more precise calculation of the develop-
ment of the topography, the computer simula-
tion is available to calculate the incremental
value, 4y, of displacement of y-value at constant
x on the surface during the lapse of time 8¢, and
the new y-value is evaluated by subtracting this
value from the original one. Since it is known
that as 8z — 0, 4y — (®/n)S5¢ [3], the new value
of 8 can be simply evaluated from the new slope
of the surface by taking sampling points along
x-axis. The present simulation has taken into
account the correction procedure for the calcula-
tion of y to make the new values of § satisfy the
values of limfgp tabulated in Table I. For

—>0
example, suppose a slight-concave upward

surface as in Fig. 4, which satisfies ya < yp < yc¢
and 0 < 04 < O << B¢ < 0, Then this results
in the relation Sy << Sg <S¢, i.e. dys < dyp <
Ayg, but the new slope of the surface is not
always satisfied by the condition described in
Table I, i.e. 0 << 8's < 04, if ) is directly deri-
vated from (y — 4y), as shown in Fig. 4. For the
case of this example (y'p < y'4 < ¥'¢), the new
curve is chosen as A” — B” — C' in place of
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TABLE I The slopes of equilibrium surface contours for the various initial conditions.

t=20 t > 0
a8 s o8 = lim 08
ox e t—0
(a) — 1) #2z=084>08>0c=0n (=) c = 0 = On
@ Omz04>0>0:20 (+) On = 0> 64
B 0 =204>08> 8= —08n (-) 0c = 0> —6n
4) —Om = 04> 88> 80> —7/2 (+) O = 0= 04
o) + (1) Bm < 84<05<fc<a? (-) b < 0 < a2
(2) 0 SOA<03<9(j<0m (—{—-) 0 < 0 < 8y
(B) —0n <04<0<b0:<0 (=) bc =8<0
4 —72<04<0<bc< —0n (+) —mf2 £ 0 < 84
(a) Concave downward surface; (b) concave upward surface.
A" — B" — (' in the present calculation as a .
simple correction. Such an error is unavoidable A
so far as the numerical calculation is directly eina
performed without introducing any additional A o
conditions in the simulation. Another correction 0 2 x
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Figure 3 Developments of (a) a concave downward
surface and (b) a concave upward surface.

Figure 4 Tllustration for the correction procedure used in
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the calculation of y.

Figure 5 Changes of sinusoidal surfaces of (a) y=sin x

indicate the number of steps calculated.)

and (b) y=sin x. (The numbers on the contours

507



JOURNAL OF MATERIALS SCIENCE 9 (1974) - LETTERS

was introduced by applying an averaging or
weighting technique in the calculation of 4y, so
that (dy,—, + 24y, + Ay,,)/4 was used instead
of Ay;. This correction is based upon the premise
that the sputtering process is dictated by a col-
lision cascade of finite dimensions and the target
atoms are not always sputtered away one by one,
so that the progress of the apical point, which is
a discontinuity in (08/9x) in Equation 1, should
be considered in relation to the motion of the
surroundings. The necessity of the later correc-
tion has been already suggested by Carter
et al [3].

Following Carter et af {3], the development of
sinusoidal surfaces represented by y = a sin x
are simulated in the present study by employing
S(6) = Acos 8 + Bcos? 8 + Ccos* 8 as shown
in Fig. 1. Figs. 5a and b show the changes of the
typical surfaces of @ = 1 and a = 2, respectively,
under the same sputtering yield of 4 = 3.4142,
B = 12.7574 and C = —15.1716, the curve of
which has a maximum of m = 5 at 0,, = #/4.
Each figure shows that the triangle is formed in
the early stage of sputtering, but at some points
in the surface its development differs from that
predicted by Carter et al [3]. One difference is

that the sharp craters are not observed at the
foot of the triangle. Another is that the slope of
the triangular sections of the surface is nearly
equal to 8,,, not 8, (the angle for which S(6,) =
5(0) 31

Consequently, these correction procedures
mentioned above are considered to be necessary
for the simulation of the development of real
surfaces under ion bombardment.
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On the directional solidification of
eutectic systems from the melt

A crystal growth method, allowing the growth
from the melt of crystals having predetermined
profiles, has recently been described in the
literature [1, 2]. This technique has been called
‘“edge-defined, film-fed, growth” (EFG) and
involves the withdrawal of crystals from a thin
liquid pool formed on the top planar surface of a
shaping die. The liquid pool is fed by capillaries
which extend down through the die into a liquid
reservoir. The edge definition or crystal shaping
is the result of the fulfilment of a contact angle
requirement between the liquid and the die
surface [3]. EFG has been investigated exten-
sively by the growth of <0001} growth axis
filamentary sapphire [2, 4, 5].

In recent years there has been a surge of
interest in the field of directional solidification of
eutectics with a view to their possible use in
structural, electronic and optical applications.
The present communication reports that EFG
has been used to directionally solidify some ionic
salt eutectic systems. The interphase relationship
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with growth speed has been determined, and
several advantages which the method may offer
over traditional directional solidification
processes are suggested.

Details of the ribbon shaping die and crucible
set-up, fabricated from nickel, have been des-
cribed previously [6]. The eutectics chosen,
LiF-CaF, and LiF-NaCl, were grown in an
argon atmosphere. When the crucible and melt
are heated to above the melting temperature of
the eutectic mixture (prepared from 99.99]
pure constituents), liquid rises to fill the feed
slot of the die by capillary action. A small
cleaved seed crystal of LiF, oriented so that
<001 is along the growth axis, is lowered into
contact with the melt in the capillary slot.
After adjustment of melt temperature and seed
withdrawal rate, the molten eutectic spreads
across the top surface of the die and growth of a
ribbon 0.6 cm wide x 0.15 cm thick is estab-
lished.

Using this method several crystals were grown
from each eutectic system at rates up to 40 cm
h-1, Withdrawal rate changes, together with
melt temperature adjustments, were carried
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