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LIQUIDS 

The paper concerns the shear mechanical properties of a number of polymethylsiloxane liquids by a dynamic method at 
the frequency of shear oscillations of the order of 10s cps (Hz). Three different methods for determining the complex shear 
modulus follow from the theory of the method. The first method is realized when the film thickness is much smaller than 
the shear wavelength. The second method involves the measuring of the shear wavelength on the basis of maxima of the 
frequency shifts of an oscillatory system. The third method is based on measuring the parameters of the oscillatory system 
when the shear waves are completely extinguished in the liquid bulk. All the three methods provide satisfactory 

coincidence of the results. This proves amply that the experiment determines the bulk values of shear elasticity. 

Polymethylsiloxane liquids find wide ap- 
plication in the modern technics. A wide range 
of the working temperature and good lubricating 
properties allow their use as greases, instrument 
oils, polishing substances, as well as hydraulic 
brake liquids. Therefore, investigation of the 
shear mechanical properties of these liquids is of 
obvious interest. 

In studies [l-4], a resonance method using a 
piezoquartz crystal was applied to measure low- 
frequency (lo5 Hz) complex elasticity shear 
moduli of different liquids. It was shown that all 
the liquids, including the low-viscosity ones, 
possess the modulus of shear elasticity on the 
order of 10’ to lo6 dyn/cm*. 

A major advantage of the present method of 
measuring the shear mechanical properties 
resides in that it has no limitations with regard to 
the viscosity of the liquids being investigated. It 
enables one to investigate the liquids whose vis- 
cosity lies within the range of hundredths to 
106P. The viscosity of a number of polymethyl- 
siloxane liquids varies within a vary wide range; 
therefore, the present investigation method can 
successfully be applied to their examination. The 
main shortcoming of the method consists in the 
difficulty of varying the experimental frequency 
of shear oscillations due to technical reasons. 

The resonance method for measuring the 
shear elasticity consists in the following. A 

piezoquartz crystal performs longitudinal (axial) 
oscillations at the basic resonance frequency, and 
its horizontal surface performing tangential 
oscillations supports a liquid interlayer covered 
by a solid cover plate. The cover plate with the 
liquid film is disposed on one end of the 
piezoquartz crystal (fig. 1). In this case, the liquid 
interlayaer undergoes a shear deformation, and 
standing shear waves should be induced in it. 
The parameters of the resonance curve of the 
piezoquartz crystal vary depending on the inter- 
layer thickness. 

The complex shift, Af*, of the resonance 
frequency of the piezoquartz crystal due to its 
interaction with the liquid interlayer has the 

form [4] 

Af* = SK*G* 1+cos(2rc*H--rp*) 

47r2Mf0 sin(2rc *H - rp *) ’ 0) 

Fig. 1. Piezoquartz crystal (1) with a liquid film (2) covered 
by a cover plate (3). 
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where S is the area of the base of the cover 
plate; K* = j3 - icu is its complex wave number, 
G* = G’+ iG” is the complex shear elasticity 
modulus of liquid, H is the thickness of the 
liquid interlayer; cp* is the complex (shift) of the 
phase when the wave is reflected from the 
liquid-cover plate interface, M is the mass of the 
piezoquartz crystal; f0 is its resonance frequency. 
Under the condition when the cover plate 
because of a weak bond with the piezoquartz 
crystal, which is realized by the liquid interlayer, 
is at rest (cp* = 0), the expressions for the real 
and the imaginary components of the shift of the 
resonance frequency will be as follows: 

S 
A’ = 47r2Mfo 

x (G’P + G”cx) sin 2pH + (G’a! + G”P) sinh 2aH 
cash 2aH - cos 2j3H 3 

(2) 

x (G”P - G’cx) sin 2jlH + (G”cx + G’j3) sinh ~CXH 
cash 2aH - cos 2/3H 

(3) 

By the use of these formulas, the dependences 
of Af’ and Af” on the liquid interlayer thickness 
were computed for the case where G’ = 
lo6 dyne/cm2 and tg 8 = 0.5 (fig. 2). It can be seen 
that the dependencies of the resonance 
frequency shifts on the liquid interlayer thickness 
give the decaying oscillation. With small 
thicknesses, when H 4 A, the frequency shifts are 
inversely proportional to the interlayer thickness. 
The first decay maximum will be observed when 
the liquid interlayer thickness is equal to half of 
the shear wave length. With a further increase in 
the thickness, when H %-A, the shear wave 
undergoes the complete decay, and the 
frequency shifts tend to their limit values. 

From fig. 2 it can be seen that under the 
aforementioned parameters the shear wave 
undergoes practically the complete decay with 
the interlayer thickness of about 250 pm. 

Analyzing the expressions (2) and (3) gives 

Fig. 2. Calculated dependencies of Af’ (I) and Af” (2) on the 
liquid interlayer thickness. 

three methods for measurement of the shear 
modulus of liquids. The first method is realized 
with small thicknesses of the liquid interlayer, 
when H 4 A. In this case, both the real and the 
imaginary components of the resonance 

frequency shift are proportional to the inverse 
value of the liquid interlayer thickness. For the 
real shear modulus, G’, and for the mechanical 
losses angle, tan 19, the following calculating 
formulas are derived [5]: 

G, = 47r2MflAf’H 
s ’ (4) 

tan 0 = 5. 

Fig. 3 shows the experimental dependencies of 

Af, ru 
I 

Fig. 3. Dependencies of the reai (1,l’) and the imaginary 
(2,2’) frequency shifts on the inverse thickness of PM!+200 
and PMS-900 interlayers. 
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Table I 
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Liquid 

In terms of the 

With H d A wavelength With H s h 

tan e G’x 1O-6 A G’ x 1O-6 bb 

(dyn/cm*) (cL m) (dynlcm*) t;s) 

G’ x 1O-6 

(dyn/cm*) 

PMS-200 0.5 0.86 - - 20 0.66 

PMS-400 0.75 1.24 23 0.88 

PMS-900 0.8 1.35 170 1.08 25 1.04 

PMS-5 384 0.6 2.12 200 1.8 29 1.4 

PMS-20 000 0.55 2.36 210 1.93 33 1.82 

PMS-52 000 0.5 2.6 220 2.4 37 2.2 

the real and imaginary components of the 
frequency shift on the inverse value of the liquid 
interlayer thickness for PMS-200 and PMS-900 
polymethylsiloxane liquids. Linear dependencies 
are obtained, which means, in accordance with 
the aforesaid, that these liquids possess a certain 
complex shear modulus. Similar results are also 
obtained for other investigated liquids. The cal- 
culated values of G’ and tr 13 are presented in 
table I. 

The second method for determination of G’ 
involves measuring the length of the shear wave, 
A, on the basis of the decay maxima. Using the 
relationship Key = w2plG*, where p is the density 
of the liquid being investigated, it is possible to 
show that 

G’ = A2f p cos 0 cos2 ,912. (6) 

The mechanical losses angle, 13, is determined 
by measuring the distance between the position 
of the first minimum of the real component of 
the shift of frequency and that of the first decay 
maximum [5]. 

Fig. 4 shows the experimental curves of real 
and imaginary dependencies of the shifts of 
frequencies on the thicknesses of a liquid inter- 
layer for PMS-900 polymethylsiloxane liquid, It 
is obvious that the curves give decaying oscil- 
lations that are in good agreement with the 
theoretical curves shown in fig. 2. Thus, it is 
possible to determine that the shear wave length, 
A, is equal to 170 pm for PMS-900. Using for- 

. . . . 
. :;’ a. H,P 

-....a _.** . flo 
. . . 

l : 

. ..* 

Fig. 4. Experimental dependencies of the real (1) and 

imaginary (2) frequency shifts on the thickness of PMS-900 

interlayer. 

mula (6) we obtain the value for G’= 
1.08 X lo6 dyn/cm2. 

Oscillating curves are obtained only for vis- 
cous PMS liquids. For low-viscosity liquids, there 
are observed no oscillations; because, owing to 
the presence of a normal component on the 
working surface of the piezoquartz crystal, caus- 
ing considerable compression and tension 
deformations in the film, the maxima are levelled 
out [S]. Table I shows the measured values of 
wave lengths and the values of G’, determined 
by formula (6) for viscous PMS liquids. 

The third method is based on the measure- 
ment of limit values of Aft and AfC, to which 
these parameters tend as the liquid interlayer 
thickness increases further, when the shear wave 
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undergoes the complete decay. In this case, tak- 
ing into account that the liquid covers the entire 
horizontal surface of the piezoquartz crystal, we 
obtain for the real shear modulus, G’ and tg 8, 
the following expressions: 

G’ = v [(Afily - (AfLy] , 

Inasmuch as with H %A, the shear wave 
undergoes the complete decay, there is no 
necessity in using a solid cover plate. In the 
present method of determining the value of G’, 
the horizontal surface of the piezoquartz crystal 
is loaded by a thick layer of the liquid being 
investigated. Here S is the area of the horizontal 
surface of the piezoquartz crystal. From formula 
(7) it appears that AfL’ > Af& when the liquids 
possess the bulk shear elasticity. Now, if the 
liquid is Newtonian at the experimental fre- 
quency, then Afg = AfL 

Yet, with tg 8 < 1 when calculating the value 
of G’ by use of formula (7), it is possible to 
neglect the real component of the frequency 
shift; for its contribution does not exceed 3%. 
Therefore, the present method was applied to 
determine the real components of the complex 
shear modulus on the basis of measuring Af! for 
any sort of the liquids investigated. The data thus 
obtained are also given in Table I. 

In the experiments, there was used x - 18.5” 
cut-off piezoquartz crystal possessing the 
resonance frequency of 74 kHz (kcps), the mass 
of 6.24 g, and dimensions of 34.7 X 12 x 5.5 mm3. 
In measuring the value of G’ by the first method, 
when H Q A, a cover plate was used having mass 
0.2 g and contact area S = 0.2 cm2. 

In measuring the shear wave length, there was 
used a cover plate provided with a magnetic 
suspension, for the purpose of precluding the 
influence of the normal component of vibrations 
on the results obtained [5]. 

The experiment was carried out as follows. On 
cleaning the piezoquartz crystal and the cover 
plate by the use of organic solvents, they were 

exposed to the treatment by hydrogen flame. 
After that, the piezoquartz crystal was placed 
into a special holder and coated by the liquid 
being investigated, which was covered by the 
cover plate. Then an optical method was applied 
to determine the thickness of the liquid inter- 
layer [3], and the real shift of the resonance 
frequency and the width of the resonance curve 
were measured, half of the change in the latter 
being equal to the imaginary frequency shift. 

When applying the third method to measure 
the value of G’, the horizontal surface of the 
piezoquartz crystal, after being treated by the 
hydrogen flame, was coated by a thick layer of 
the liquid to be investigated. Then the widening 
of the resonance curve was determined. 

From table I it can be seen that the maximum 
values of the shear modulus are obtained when 
measuring by the first method. This is explained 
by the fact that here the only factor influencing 
the results is the cleanness of working surfaces 
and this condition was well fulfilled. Now, in this 
case the normal component does not exert any 
influence, for the cover plate was chosen to be 
rather light. 

In the second case, a cover plate with a mag- 
netic suspension was used, whose mass was many 
times larger than that in the first case. Therefore, 
due to considerable stresses set up in the film by 
the normal component, the measurable values of 
the shear modulus are somewhat smaller. These 
differences increase as the viscosity decreases, 
and for the low-viscosity liquids it proves to be in 
general impracticable to measure the wavelength 
because of the smearing out of the decay maxi- 
mum. The least values of the shear modulus are 
obtained when measuring by the third method. 
This is explained by the fact that the borders of 
the working surface of the piezoquartz crystal 
are used not to the full extent, for the liquid 
layer thickness at the borders is smaller than it 
should be for determining the value of Aft?. 
Taking into account the aforementioned factors 
influencing the experimental results, one may 
consider the coincidence between the data 
obtained by the three methods to be quite satis- 
factory. 

Among numerous works on the viscous-elastic 



B.B. Badmaev et al. / Shear elasticity of polymerhylsiloxane liquids 245 

behaviour of liquids, of special interest to use are 
the works by T. Lamb and A.T. Barlow et al. [6, 
71 involving the measurement of the complex 
shear modulus of four polydimethylsiloxane 
liquids within the wide range of frequencies. 
Thus at the frequency of the present experiment 
the values of G’ = 1.7 x lo6 dyn/cm* and tan 8 = 
0.6 were obtained for a polydimethylsiloxane 
liquid having the viscosity value of 100 000 est. If 
the differences in the liquids investigated are 
accounted for, then the agreement with the 
results of the present work proves to be 
sufficiently good. 

It will have to be taken into consideration that 
in a rough approximation, the detected proper- 
ties of liquids may be interpreted on the basis of 
the theory of relaxation of Maxwellian bodies, 

according to which 

tr(j=$=E.$, 
P 

where G, is the Maxwellian body shear modu- 

lus; 77&l its viscosity. However, the real liquid 

cannot undoubtedly be interpreted by using a 
model with single relaxation time. In connection 
with this, the viscosity value obtained from eq. 

(9) does not by far coincide with the tabular 
values, but is much larger, especially for low- 
viscosity liquids. This problem is considered in 
more detail in paper [S]. 
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