'v.

FIG. 3. Field dependences of the correlation ranges of the
solutions: e - 2 . 8 % benzene in n-pentane, o-38.3% benzene
in n-pentane ( h = 5461 A).

nected with the critical parameters of a substance by
the relationship

where n,, is the number of molecules in a unit volume
at h =0, and I;(v,A ~i )s the Riemann zeta function. '19'
Using the critical parameters of n-pentaneci41 and 7
=0.06, we find that Ah=2.49.
The use of the & -expansion
to calculate
the critical exponents yields the following expression
for the dimensionality of the field variable:

According to

(a),

Ah = 2.56 for n = 1 and & = 1.

Within the limits of experimental error, the experimentally obtained quantity Ah =2.45 i 0.15 agrees with
the presented theoretical calculations. Since the difference in the theoretical results i s less than the experimental e r r o r s indicated above, it i s impossible to give
preference to either theoretical calculation on the basis
of the data of the present experiment.
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Measurements of the yield point of crystalline He4
V. L. Tsymbalenko
Institute of Physical Problems, USSR Academy of Sciences
(Submitted October 5, 1976)
Zh. Eksp. Twr. Fiz. 72, 1885-1890 (May 1977)
Measurements are reported of the yield point of crystalline He4 at temperatures between 1.2 and 2.6 K
and at pressures between 32 and 60 atm. It is found that the plastic properties of crystals with molar
volumes of 19.1-20.6 cm3 are similar and resemble those of solid inert gases.

PACS numbers: 67.80. -s, 62.20.Fe

The amplitude of the zero-point oscillations in a solid
constitutes a significant fraction of the interatomic distance. Therefore, quantum effects can make an appreciable contribution to the properties of crystalline helium, in particular, to its mechancal properties. As
has already been shown in Refs. 1 and 2, delocalization of point vacancy defects can lead to unusual plastic
989
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properties of the helium crystal, for example, to an
anomalously low yield point, due to the high mobility of
the delocalized point vacancy defects. In Refs. 2-5,
no contribution of the vacancies of plastic flow w* observed, and the conclusion was drawn that the motion of
the dislocations was the main mechanism of plastic deformation. Plastic flow of helium polycrystals was
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of the membrane, p, is the pressure in the chamber, R
is the outside radius of the membrane, and Y is the distance from the axis of the membrane. A change in press u r e in chamber 5 by 25 atm led to a 5 p motion of the
center of the membrane, corresponding to a change
AV,,
4x
cm3 in the volume of the crystal.

-

FIG. 1. Construction of the ampoule: 1-FIe4 crystal; 2membrane of the pressure pickup at the crystal; 3-membrane
of the pressure pickup at the pressure chamber; 4-plate of
the capacitive pickup at the crystal; 5-pressure chamber;
6-plate of the capacitive pickup in the pressure chamber;
7--copper cold conductor.

studied in Ref. 4 in the case of large s t r e s s e s and
strains. The yield point can be estimated from the results of Ref. 4, and its temperature dependence can be
determined. No effects of hydrostatic pressure on the
plastic properties were observed in Ref. 4.
In the present work, the yield point was determined
by measuring the residual s t r e s s after local deformation of the crystal. The ampoule shown in Fig. 1
was constructed for this purpose. The walls of the container were made of stainless steel of thickness 2 mm.
A crystal of ~e~ was grown in the form of a disk of
thickness 1 mm and diameter 22 mm in the volume 1.
The growth of the crystal was initiated with a cold
point-the copper cold conductor 7-and took place at
constant pressure in a temperature gradient with rates
of 5-10 k/sec. Two identical membranes 2 and 3, of
thickness 0.3 mm and diameter 6, mm were placed along
the axis of the container. The membrane 2 with the
plate 4 formed a capacitive pressure pickup connected
in the tank circuit of a high-stability oscillator (osc),
the frequency of which was measured by an electronic
frequency meter (F) and recorded by an automatic recorder. A similar circuit was used f o r measurement
of the pressure in the chamber 5. The stability of the
oscillators, of the circuit parameters, and of the pickups made it possible to measure the pressure a t the
atm and in the
crystal with an accuracy of 3X
chamber 5 with an accuracy to
atm. The temperature a t the time of the experiment was maintained to
within 0.01 K. The local deformation of the crystal
was achieved by motion of the membrane 3 as a result
of a change in the pressure of the liquid helium located
on the other side of this membrane in the special chamber 5. The deformation of the membrane was directly
proportional to the difference between the pressure on
the crystal and the pressure in the chamber 5. In all
the measurements, the pressures in chamber 5 exceeded
the corresponding change in pressure on the crystal by
a factor of 30-200, s o that we could assume, to within
3'/0, that the deformation of the membrane was determined only by the pressure in chamber 5. The profile
of the membrane z (r) is given by the formula z (r)
- Y ~ ) ~ , where a i s a constant coefficient that depends on the thickness, diameter, and Young's modulus

-

Upon change in the pressure in chamber 5, the membrane is deformed and deforms the helium crystal.
This process c'an be divided into three stages: in the
first stage the deformation takes place within the elastic
limit; in the second, plastic flow begins a t the center of
the container and, with further motion of the membrane,
the boundary of the region of plastic flow moves to the
edges of the crystal; in the third, the plastic flow takes
place throughout the volume of the ampoule.
In the f i r s t stage, the residual pressure p, measured
by the pickup 4, will be directly proportional to the motion of the membrane p- z ( ~ ) E / h ,where z(0) is the deflection of the membrane at the center, h is the thickness of the crystal, and E is the average Young's mod" ~ ~Fig.
ulus calculated from the elastic c ~ n s t a n t s ~(see
4 below, the dashed lines B ) . The transient time is determined in this case by the velocity of sound and its
order of magnitude is
sec. In the second stage,
both elastically and plastically deformed regions of the
helium crystal exist. Numerical estimates of the dependence of p on the movement of the membrane a r e
difficult to make in this case. The time of establishment of the pressure p will be determined by processes
of plastic flow of the solid helium. In the third stage,
when the plastic flow of the helium takes place throughout the entire volume of the ampoule, we can propose a
simple model.

-

Figure 2 shows the forces acting on the helium volume
3 inside the ampoule. Neglecting the dependence of p,
on z, the conditions of equilibrium of the solid helium
can be written in the form

-

-

-
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FIG. 2. a) Deformation of the crystal upon increase in the
pressure in the chamber 5. The dashed line 1 is the initial
position of the membrane, the solid line 2 is the final position. The profile of the membrane is not shown to scale.
For the derivation of the equilibrium condition (11, the forces
are shown acting on the volume 3; N is the shear stress cn the
surface of the crystal, p, is the stress along the r axis; b)
distribution of the stress p, bver the radius in the case in
which plastic flow extends to the boundary of the containercurve 1. Curve 2 is the plot of p5 against r upon further deformation
V. L. Tsymbalenko
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deformation rate on the residual stress, several experiments were carried out at rates 3 x 10" cm/sec.
Within the limits of e r r o r , the results obtained at all
rates were the same.

-

0

2

4

6

-

t, min

FIG. 3. Typical experimental plots of the pickup readings in
the chamber and at the crystal. The lower curve is the stepwise change in the pressure in chamber 5. The upper curve
is the corresponding change in the pressure at the crystal.
The steps in the plots are due to apparatus effects (reading
time of the frequency meter).

where N is the shear stress, equal to the yield point.
The change in the volume of the crystal A V is connected
with the change in the hydrostatic pressure Apo at each
point by the relation

where K is the coefficient of hydrostatic compression,
calculated from the elastic constants of the solid helium. c7*81 In the plastically deformed crystal, the s t r e s s
along any axis differs from the hydrostatic pressure by
no more than the shear modulus, which is much smaller
than po. Therefore, the s t r e s s p, cali be equated to po
with little e r r o r and Eq. (2) can be integrated. After
simplification, we obtain

where Ro is the radius of the ampoule, Vo is the total
volume of the crystal, and ap0(O) is the change in the
hydrostatic pressure at the center of the crystal. It is
seen from (3) that the pressure in the third stage will
depend linearly on the deformation. The slope of this
straight line is equal to the slope of the line of hydrostatic compression of the entire crystal (see Fig. 4 below, dashed lines A), and the constant term is proportional to the yield point.
The measurements were made on crystals grown a t
pressures 31, 41, 59 atm (the molar volumes were respectively 20.55, 20.12 and 19.14 cm3). F o r measurement of the plasticity limit in the increase in volume,
the crystal was grown a t a pressure of 25 atm in chamb e r 5. Then the pressure was reduced stepwise, in
which case a short-time increase in temperature of the
crystal by 0.01-0.03 K took place. Similar measurements of the yield point with decreasing volume were
made by increasing stepwise the pressure in chamber 5
after the completion of growth of the crystal. The temperture of the crystal decreased in this case, within a
short time 5-10 sec, by 0.01-0.03 K. The linear
rates of deformation of the solid helium along the z axis
did not exceed 10'~cm/sec and usually amounted to
(1-5)x
cm/sec. For an estimate of the effect of the

-

-
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Synchronous plots of the readings of the pickups at the
chamber (lower curve) and at the crystal (upper curve)
a r e shown in Fig. 3. It is seen that the pressure change
in chamber 5 leads to a change in the pressure at the
pickup on the opposite side of the crystal, but with passage of time, the s t r e s s e s decrease, i. e., they relax,
without, however, decreasing to a value corresponding
to the bulk compressibility of the entire crystal ( ~ i g s .
4a and 4b, dashed lines A). The main relaxation occurs
within a time 30-200 sec; during the subsequent time
(on the order of one hour) the residual s t r e s s falls off by
no more than 20% of the value of the previous relaxation.
More prolonged measurements of the dependence of the
residual s t r e s s on the time could not be carried out,
since the rate of relaxation became comparable with the
value of the drift of the measuring circuit. The total e r r o r in the determination of the residual s t r e s s was 15%.

-

-

The dependence of the residual s t r e s s on the deformation is nonlinear and is shown in Fig. 4a and 4b for two
molar volumes. The maximum relative deformation of
the crystal E =z(O)/h is marked on the horizontal axis
and the residual pressure p, measured by the pickup, on
the vertical axis. The plus sign corresponds to an increase in the volume of the crystal, the minus to a decrease. Each curve is the result of averaging over two
to four experiments, which were carried out in the following fashion. The arithmetic mean value (p) of the
residual s t r e s s e s p, at maximum deformation and the experimental values a t smaller deformations were multiplied by the ratio (p)/p. At the beginning and the end of
the curve is shown the calculated mean square error.
The continuous curves a r e the result of reduction of the
data on a high-speed computer by the method of least
squares. It is seen in Fig. 4 that at high temperatures,
the slope of the P(E) curve decreases and becomes comparable (within the limits of e r r o r ) with the slope of the
straight line corresponding to the volume expansion of
P, atm

P, atm

FIG. 4. Dependences of the residual stress on the deformation
for two molar volumes: a-V=20.55 cm3, 0-T =I. 6 8 ' ~ ,
A-T =1.48 K; b-V=19.14 om3, 0-T =2.25 K, A-T =l.78
K, 0-T=1.23 K.
V. L.

Tsymbalenko
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solid inert gases with crystalline helium, we u s e the
ratio of the yield point t o the coefficient of hydrostatic
compression. The plasticity limits of Ne, Kr, Xe at
T- 0.7 T,,,, w e r e obtained f r o m Ref. 9, and the c o r r e sponding coefficients of hydrostatic compression X,
f r o m Ref. 10. F o r these gases, the product NX, lies
in the range NX, = ( 3 - 3 2 ) ~
the s a m e quantity for
helium a t T 0.7 T,,,, is of the o r d e r of (7-10) X lo",
i. e., it is of the s a m e o r d e r of magnitude.

-

FIG. 5. Dependence of the plastic limit N on the temperature
for the three molar volumes: o -p =31 atm, A-p =41 atm,
0--p =59 atm. The arrows show the melting temperatures
of the corresponding crystals. The dashed line is the lower
limit of the yield point for crystals grown at 59 atm.

We can thus conclude that the plastic properties of
solid helium in the measured temperature and p r e s s u r e
ranges a r e s i m i l a r to the plastic properties of ordinary
materials and in particular, s i m i l a r t o those of the
other solid i n e r t gases.

the crystal as a whole (the dashed lines in Fig. 4a and
4b). With decrease in temperature, the residual s t r e s s
increases and there is no significant decrease in the
slope for the crystal grown a t a p r e s s u r e of 59 atm.
The p(&) dependences obtained in compression and dilatation a r e identical. An exception is the p(&)curve f o r
the crystal grown at p = 59 atrn and T = 2.25 K. Possibly,
the reason is the s m a l l number of experiments.

I express my gratitude to A. I. Shal'nikov f o r constant attention and direction of the research, and also to
A. F. Andreev, L. P. Mezhov-Deglin and Yu. V.
Sharvin f o r valued discussions of the results.

The results reduced in accord with Eq. (3) a r e shown
in Fig. 5 for three molar volumes. In the experiment,
the actually measured quantity was the mean value of
p,(O) but, in accord with what w a s said above, we can
equate po(0) with p,(O) with s m a l l e r r o r . Estimate gives
N / A ~ , - 6X 10'~
f o r the yield point from the obtained data.
This justifies the assumption made in the derivation of
(3). It is seen that the yield point increases with dec r e a s e in temperature a t all the molar volumes, according t o a linear law and with identical slopes, within
the limits of e r r o r . Similar dependences a r e characteristic of ordinary materials, and, in particular, f o r
solidified i n e r t gases.
The absolute values of the
yield point, N = (8-35)x 10'dyn/cm2, agree with the values which can b e obtained f r o m Ref. 4. The effect of
the density of solid helium on the yield point can also b e
seen f r o m Fig. 5; this was not observed i n Ref. 4. F o r
a quantitative comparison of the plastic properties of
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