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The method of determination of material
shear elasticity in the course
of its solidification
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A method is proposed for investigation of solidification processes based on the shear
modulus determination of the material being solidified. A procedure has been developed to
calculate that quantity. The proposed method has been approved in experiment.

IIpennaraercss MeToj MCCIeIOBAHUS IIPOIECCOB 3aTBEPAEBAHUS, B OCHOBY KOTOPOTrO IIOJIO-
JKEHO OIIpejfesieHrne MOXyJsl CABUra TBepAemrIlnero marepuaia. PaspaboraHa MeTOIUKa
pacuéra aToii BenunHLI. IIpoBeeHa sKCIepruMeHTaAJIbHAS alpodalins IPeaIoKeHHOr0 MeTo/a.

The existing methods provide the study
of either the initial solidification stage
when the liquid phase predominates (see,
e.g., [1-4]), or its final stage when the
rigid phase is predominant (e.g., [5, 6]).
This work proposes a method which allows
to monitor continuously the solidification
process at any liquid/rigid phase ratio.

The rigid phase rigidity modulus is known
to exceed by several orders that of the liquid
phase. This fact forms a basis for the pro-
posed method. The authors propose to meas-
ure the solidifying system rigidity modulus
in time, taking into account the fact that the
immense rigidity modulus value of the rigid
phase (as compared to the liquid one) will
provide an accurate determination of the
rigid phase amount in the system.

When measuring the rigidity modulus,
the shape of the solidifying material sample
is to be kept. The authors propose to solve
the problem by putting the solidifying ma-
terial into a tube made of another rigid
material. That composite sample is being sub-
jected to a twisting moment M (see Fig. 1).
Let the following quantity be considered:

n=C+Cy+Cy, (1)

where C( is the the twisting rigidity of the
pendulum without the sample: C;, the
empty tube twisting rigidity; C, the twist-
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ing rigidity of inner cylinder consisting of
the solidifying material. The method con-
cept is to determine separately the rigidity
of filled (n) and empty (C; + Cgy) tube as
well as Cy Such an experiment provides the
C and C1 values. Using the known solution
of elasticity theory problem on a composite
cylinder twisting (see [7], for example), we
get the formulas
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making it possible to determine the rigidity
moduli of the substance filling the tube and
of the empty tube (C and C;, respectively)
proceeding from the measured C and C; val-
ues. The following notations are used in (2)
and (3): I , the tube length; r and R, the
tube inner and outer radii, respectively.

A twisting pendulum described in [8] was
used to determine the twisting rigidity in
experiments.

Let v, v; and v, be the oscillation fre-
quencies of the pendulum with composite
sample, of that with the empty tube and of
the sample-free pendulum. For those quan-
tities, the following formulas are valid:
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where where I is the pendulum inertia mo-
ment.

As is seen from (3), the measurement
error of the solidifying material rigidity
modulus G will be defined by measurement
errors of the system inertia moment I, ra-
dius r, the sample length I , and rigidity C.
The latter may attain several (up to ten) per
cent of the quantity value itself. As is seen
from the experimental data presented
below, the rigidity of a solidifying material
filling the tube does not exceed 10% of the
tube rigidity. In other words, C may have
values equal to root-mean-square deviation
of the C; . That is why determination of the
solidifying material rigidity modulus using
formula (3) is problematical. Basing on the
above, the authors propose the experimental
data processing procedure which allows to
avoid those difficulties.

The experiment shows that the oscilla-
tion frequency of the pendulum without the
sample is time-independent. This is ex-
plained by the fact that the elastic element
is a metal wire substantially free of time-
dependent processes (creep, etc.). When the
pendulum is studied in combination with
the tube (that is made of a polymer), time-
dependent processes occur in the latter due
to stresses; in particular, the sample creeps
under axial load. This creep is due to orien-
tation of the polymer molecules along the
tension direction, that results in changes of
the tube elastic modulus and thus in the
frequency change in time. The time depend-
ence of the frequency is observed again
when the filled tube is examined. That de-
pendence is due to the above-mentioned
polymer orientation as well as to variations
in properties of the material filling the
tube. The aim of this work is to get the
time dependence of the rigidity modulus for
the material filling the tube. It can be ob-
tained by comparing the experimental time
dependences for the filled and empty tube.

We will be interested in time dependence
of the rigidity modulus G. Let Gy be the G
value at the initial time instant ¢;, consid-
ering G as the rigidity modulus values in
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Fig. 1. Diagram of sample loading.

subsequent time instants. The pairs of vari-
ables Gy and Gy, vy¢ and vy, vy and v will
get an analogous interpretation.

Let us introduce the following quantities,

gz\/2—\/§:CI+C (7
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for filled and empty tube, respectively.
Substituting to formula (17) the corre-
sponding rigidity values, we get
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Comparing the experimental values of os-
cillation frequencies vy and v; for empty
and filled tubes at initial time moment, we

can conclude that Gy = 0. In this case, for-
mula (9) takes the form

(Rt - rhH

nr2
2

(10)
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Comparing (10) and (8), we get

= -1
%1

From the latter expression follows

L™ G (11)
RE_AG,
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The formula (12) was used to calculate the
rigidity modulus of a solidifying material.

The solidification process of gelatin
aqueous solution in the course of time was
used as an example to approve the proposed
method. Numerous works were aimed at inves-
tigation of that system (see, e.g., [9, 10]).
There are only few works where the shear
rigidity of the system has been considered,
although only at the initial solidification stage
[11, 12].

Fig. 2 shows the experimental time de-
pendence rigidity modulus obtained for
12.2 % aqueous gelatin solution. The tube
rigidity modulus was G = 5107 N/m2. As
is seen from the diagram, the gelatin solu-
tion rigidity modulus G varies within the
range of 0.04G, to 0.14Gy. As it can be seen
from the error values indicated in the dia-
gram evidence that, in spite of a low value of
rigidity modulus G (as compared to Gy), the
proposed method permits to single out reli-
ably the solidifying material rigidity modulus
out of the total modulus which characterizes
the composite cylinder as a whole.

The proposed method has been patented
in Ukraine [11].
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Fig. 2. Gelatin aqueous solution. Time de-
pendence of rigidity modulus for gelatin
aqueous solution.
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MeToa BM3HAYEHHS 3CYBHOI NPY:KHOCTI Martepiaiy
B Ipoleci ioro TBepaiHHA

0.I0. Axman, O0.C.Céeunirkosa, T.IO.Hikonaenko

3ampOIIOHOBAHO METOJ, AOCJTif;KEeHHSA IIPOIleciB TBepAiHHA, B OCHOBY AKOTO IIOKJAaJeHO
BUBHAUEeHHSA MOJYJIA 3CYBYy MaTepiany, 1o TBepjgie. Pospob/ieHO MeTOOUKY PO3PaxyHKY Iiel
BequunHU. [IpoBeeHO eKCIepUMEHTAJbLHY ampoballifo 3aIpOIIOHOBAHOTO METOLY.
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