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ABSTRACT

-

Brillouin scatteriﬁg method was used to study two kinds
of materials: gelatin gel and quasicrystal Al sCuy, Feys-

The measurements of Brillouin shift and wiéth for
gelatin-water system were carried out as a function of
temperature, concentration, time and thermal history. New
results and a phase diagram for melting were obtained. The
results are discussed using different models. The longitudi-
nal storage modulus of the gel network, the frictional damping
parameter and the melting enthalpy have been evaluated.
However, in order to explain all the experimental results and
get the more accurate values for those parameters, a more
perfect theory for this biopolymer system is needed.

A more efficient technique — CCD used as a detector, is

described, too.
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PREFACE

Brillouin scattering is one of the most commonly used
techniques for investigating low energy elementary excitations
in particular phonons. Its spectroscopy is a powerful tool to
obtain the desired information about the elastic properties of
naterials. It is not only a methodologic extension of
classical ultrasonic techniques to hypersonic frequencies, but
also an outstanding spectroscopic method which is especially
well adapted to investigate the static and dynamic acoustic
properties, and the opto-acoustic and optic properties of
materials. It has the following advantage: accurate and high
resolution (one or two orders of magnitude better than that
obtained in neutron spectroscopy), small sample volume (the
focus spot can be smaller than 10 um), and no damage to
samples. As part of this project, I studied the possibility
to use CCD as a detector in Brillouin scattering and found
this new method is more efficient than the scanning way but it
has its own weakness.

The other part of this project is about the application
of the Brillouin scattering technique. I used this technique
to study two different kinds of materials: one is the trans-
parent binary polymer/solvent system — gelatin gel and
another is the opague quasicrystal — Al .Cu,, ;Fe,,.

Gelatin gel has been used for a long time and studied
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quite a lot. On the contrary, quasicrystals were discovered
only 10 years ago and the research about it is just beginning.
However, no matter how different their histories are, they are
both quite new as samples for the Brillouin scattering: this
is the first time that the Brillouin spectroscopy method is
used to study the elastic properties of quasicrystals. The
properties of gelatin gel have never before been so thoroughly
studied by this method in the hypersonic frequency range.
Moreover, new results have been obtained, which is useful to
fully understand this material.

This thesis contains two parts. Part one is about
Brillouin scattering technology, in which the new technique —
CCD used as a detector, is described. In order to let reader
have a general idea about Brillouin scattering, a brief
introduction is given in chapter 1, showing the differences
when this technique is used to study transparent and opagque
materials. Part two deals with Brillouin Spectroscopy of
gelatin gel and quasicrystal AlFeCu. Chapter 3 is the main
part of this thesis, where experimental results of gelatin gel
will be displayed and analyzed by three models. The results
about quasicrystal AlFeCu is presented in chapter 4. In
appendixes, some basic theories used in the models are

introduced. At last is the list of biblicgraphy.
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Part A

Brillouin Scattering Technology



Chapter 1

Concept of Brillouin Scattering

1.1 Bulk Phonon and Surface Phonon Modes

Brillouin scattering is an excellent means of investigat-
ing the elastic and photo-elastic properties of materials.

Depending on the properties of the materials, incident
light can be scattered inelastically by phonon-induced fluctu-
ations of the dielectric constant in the medium, or by ripples
on the surface of the solid, or both.

In the Brillouin spectra.of transparent solids, usually
three pairs of bulk phonon peaks can be seen: one for longi-
tudinal, two for transverse phonons. For licuids, only
longitudinal phonon peak can be seen. From the conservation
rule of energy and momentum between phonon, incident and

scattered photons, bulk phonon wave-vector ¢ can be calculated

as

.. 8
4dntnsin—
03

Ao

. (1)
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where A, is the wavelength of incident light in vacuum, n the
refractive index of the scattering system, and 8 the scattexr-
ing angle. The relationship between sound velocity and phonon

frequency v, is given by

o

This inelastically scattered light is broadened compared with
the incident light due to the sound attenuation. ILet y be the
sound absorption coefficient ( cm™' ) then the Brillouin full

width at half maximum (FWHM) is given by

Tp=yv/=% (3)
which is inversely proportional to the life time of the
phonons involved in the scattering process.

Light scattering from acoustic phonons in opagque
materials is quite different:

Firstly, the high optical absorption limits the scatter-
ing to a volume close to the sample surface, which has an
influence on the wave vector conservation. If the wavevector
conservation for bulk phonons is expressed as

ad=k,8ind,;+k,sinb, "
gi=n{k,cos®i+k,cosb})
where qbl and c_:_bl are the two components, parallel and perpen-

dicular to the surface respectively, 6, and §, are the incident



K,

LSS

|

Fig. 1.1 Scattering geometry, where k, and k  are in-
cident and scattered light wavevectors, and ¢, and g,

the surface and bulk phonon wavevectors.
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and scattering angles to the surface normal of the sample
respectively, 6'; and 6'  are the corresponding refractive
angles (Fig. 1.1), condition 2 breaks down (uncertainty
principle) in this case since the light penetrates only a
short distance below the surface, which leads to a weakexr and
broader spectrum (Sandexcock, 1978).

Secondly, the effect of the surface on the excitations
cannct be ignored. This effect manifests itself in the
reflection of bulk excitations at the surface, which causes
the asymmetrical Lorentzian lineshape of the bulk phonon peaks
and the appearance of new excitations.

Thirdly, the ripples produced on the surface by these
excitations scatter light, and for highly opaque materials it
may be the dominant scattering source (Sandercock 1_982: Mishra
et al., 1977).

Brillouin cross sections depend on the power spectrum of
the surface displacements normal to the surface, and the
differential scattered power of ripple scattering is propo-

tional to (Loudon, 1978; Loudon et al., 1980; Sandercock,
1982)

(5)

e wvighar
avigPgigr+ (@2-2vigl)?

where



gi={(w/v;)2-gF]2/2
gi=[ (0/v,)2-gf]2/2

(6)

and v, and v, are bulk transverse and longitudinal wave
velocities, respectively.

From Eqg. (5), three frequency regimes can be distin-
guished:

a) e<glv,. In this case, both g, and g, are purely imaginary,
T;éo is the factor in the large brackets of equation (5). Thus
the differential scattered power is =zero except at the
frequency v, of a pole corresponding to the Rayleigh surface
acoustic wave.

b) glv,<o<qlv,. In this case, g, is real but g is purely
imaginary. The cross section is zero at the two ends of the
range but otherwise is nonvanishing and the spectrum has a
continuous distribution between these two ends.

C) gv,<0w. Now both q; and g, are real. Re{-°"‘} is nonzero
except at the bottom end of the range and the spectrum has a
continuous distribution extending from o = v.rq' to higher
frequencies.

So, the surface-ripple Brillouin spectrum consists of a
dominating peak at the frequency of the Rayleigh surface wave,
w,, accompanied by shoulders which extend to higher fre-
quencies where bulk waves are allowed. 0=G,V,, where ¢, and

v, are the surface wavevector and velocity respectively.
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|q2|=q' and the wavevector remains precisely defined through
condition 1, so a sharp peak should be observed.

The exact form of the spectrum depends on the ratio v./v,.
And the intensity is related to the reflectivity: the higher
the reflectivity the larger the intensity.

There is a relationship between v,, v; and v,. For an

isotropic substrate (Farnell, 1970),

(2= (vp/Vv,) 214=16 [1- (vyp/v;) 2] [1-(vi/v,) 2] (7)

Surface modes are localised typically within a wavelength
from the surface and normally would not be observed in
transparent material. Opacity is a requirement, which can be
qualitatively explained by an electron-mediated coupling
mechanism to the phonon. In opaque materials the light is
absorbed close to the surface and many electron-hole pairs are
produced in the medium just in that region where the surface

wave exits (Sandexrcock, 1978).

1.2 Complex Moduli and Brillouin Spectrum

The propagation of sound in a homogeneous isotropic
visco-elastic medium depends on the mechanical and thermal
properties of the material. It is convenient to define a

complex longitudinal modulus



M{@) =M () +iM" () (8)

to describe the mechanical property of a material with elastic
behaviour as well as viscous losses. The real part M', often
called the storage modulus, according to the storage of
mechanical energy, determines the elastic part of the stress.
The imaginary part M", the loss modulus, which gives a measure
of the dissipation of mechanical energy, determines the
viscous part of the stress. It can be found (Litovitz, 1965)
1-(L¥)?

Ml=pv? (9)
[1+(%)=1=

2pv2 (XY
M= @ (10)
:1+<Jml’)=1=

where p is the density of the material, © the circular fre-

quency of the wave. M" is related to viscosity n by

For a gel-like material one should observe M'(w)»M"(w), and
M!'(0) and M"(v) should vary little with frequency.

The mechanical dynamic loss tangent is defined as

2 XV
tg5=£‘i"=__‘°_ (12)
M- (X¥)2
(6]

It is easy to see that yv/o = Iy/2v;, so



1—%— (%)2
Mi=pv? I'B (13)
[1+3 (Z2)2)?

Mi=pv? v-’:f'[' (14)
[1+% (S2)12
B

and

Ty

tgvb:—v—”r— (15)
-1 (28y2
1-=(==)

4 vy

When (yv/0)2<<1l, these equations can be simplified to
M’:pvz (16)

Mi=pvily/v, (17)
Complex shear modulus G and complex compressional modulus
K can also be defined (Herzfeld et al., 1959). And

M=K+-§-G (18)

Brillouin data are sensitive to the shear rigidity of the
system too, even though only longitudinal properties can be

probed directly, as in the experiments I have conducted.
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Chapter 2

The Use of CCD in Brillouin Scattering

Functionally, the C€CD (charged-coupled device) is
equivalent to electronic film. The first devices were
invented in 1970 by Boyle and Smith of Bell Laboratories.
Since then, work has been done to improve their performance.
Now a class of devices, scientific CCDs, which are designed to
neet the needs of low light level, wide dynamic range, high
resolution and sensitivity, are widely used in areas such as
astronomical observation, surveillance, and medical and
industrial radiology. High quantum efficiency and broad
spectral response (UV to near IR) render CCDs highly desirable
as imaging devices for Febry-Perot (FP) interferometer
application (Janesick et al., 1987; Abreu et al., 1989).

In the conventional method of Brillouin scattering, the
FP is scanned by changing the mnirror separation or the
refractive index of the medium between the mirrors, and only

the beam in a small solid angle along the optical axis with a



1l

certain wavelength can be transmitted at any yiven time. The
effective time of data collection for a certain frequency
range is only a small part of the whole scanning period. If,
however, one could discriminate frequencies spatially rather
than temporally, considerable increase in data collection
efficiency would be obtained. This is possible using the new
method, wherein the CCD is used as a detector and the FP as an
etalon. A ring pattern which includes all the information
will be collected at any time, and the transmitted light

satisfies the following condition

2D cost = n A (19)

where D is the mirror separation, n, the order of interference
(an integer), 6 and A the transmitted angle and the wave-
length, respectively. That is to say there is no time wasted.
However, because of the 2-dimensional pattern and the non-
uniform illumination of the laser beam, it is not so straight-
forward as the scanning me't;.hod to obtain the frequency
spectra. In the following part, I will show the experimental
arrangement, and how to transfer the 2-D ring pattern intec a

1-D Brillouin spectra. Some experimental results will be

given.
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2.1 Experimental Arrangement

The Schematic of the experimental apparatus is shown in
Fig. 2.1, which consists of a four-pass Sandercock tanden
Fabry-Perot, a liquid nitrogen cooled CCD operating between
153K and 163K, a band filter (BF), and several lenses and
irises. The light scattered by the sample forms an image on
the CCD chip, composed of 512x512 pixels. In this arrange-
ment, the important thing is to make sure that the image of
lens 2 is on the focus plane of lens 3 and the image of lens
4 is on the focus plane of lens 5. A small fraction of the
light is directed by a beam splitter (BS) to a photomultiplier
detector which is used to align the system by scanning.

From the geometry apparent in Fig. 2.2 it can be deducted
that the light appearing in an image ring with radius R comes

from a correspending ring with radius r on the source:

rf.
E = 2 201
ge fJ (dl-fz) (
and
r= 2 cop (21

£5

where £,, £;, £,, f; and f, are the focal lengths of correspon-
ding lenses. Of course, only the 1light with wavelength

satisfying the condition (19) can transmit and form that ring.
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The maximum angle 6, will be limited by the size of the CCD

chip and the requirement that the light bear when multipassing
through the FP will not overlap.

When doing the exposure, 4—-4 binning is used to reduce

the read noise.

2.2 From 2-D Ring Pattern to 1-D Birillouin Spectra

221 Frequency Calculation

Let us look at a whole order ring pattern, in which the
main Rayleigh peak (elastic light) of wavelength i, trans-
mitted on the optical axis forms a dot in the centre, the
phonon peak of a shorter wavelength A transmitted at an angle
6 to the optical axis forms a ring with radius R, and the
first ghost Rayleigh transmitted at an angle 6, forms a ring

with radius R, (Fig. 2.3a). We have

2D = n4i, (22)
2D cosb = nji (23)
2D cos0; = (ny-1) Ay = g (A, —akzgp) (24)

where Al.., is the free spectral rxange (FSR) in wavelength

units. Thus,
Ag—AA
0TAM _q_8d |, _av (25)

cos@ = % » v,
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. &l av
cosé, = 1- ).m =1- vm (26)
0 [+

where Av expresses the frequency shift (phonon frequency) and

Ald,, is the FSR in frequency units. Since

2 2
cosf = 1-2-_ =1-2 (27)
2 2s?
where
s = Lafe o (28)
f5
we have
Vo R2
av = =L R2 = .y (29)
2s? rz ™%

The above case is when we can see the whole order.
However, more often we can only see a part of an order, whose

frequency range (FR) (or window) is determined by the maximum

angle

FR = v,03,./2 (30)
Note that FR is determined by the experimental arrangement
oenly, and there is no relation with the FSR. Of course, the
size of the ring can be changed by changing £f,, £, or £,
{usually by changing £, since lens 6 is a zoom lens). Because
R, is proportional to FSR, if 6, is limited by the size of

CCD chip, FR can be increased by reducing f,.
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Usually, tkhe ring pattern was collapsed to eliminate the
large intensity central elastic light (Fig. 2.3b). In this
case, Av just represents the frequency shift relative to the

frequency of the central beam, v_.. The phonon frequency wiil
be

- - = Yo p2 -
vy = av+ (v ~v,) = E;;ER + (v o=v,) (31)

where v_-v, is related to the voltage offset acting on the
piezoelectric crystals.

Suppose the rings were collapsed by changing the FP
"mirror spacing from D to D' and D" so that the corresponding
frequencies of the central spot will be from v, to v, and

v +HAv,, (1°° order ghost peak). We have

2D = nyA,
2D! = nji, (32)
2D" = n (Ag—ahgsy)

Thus,

= £ = < {33)

and

(34)
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where

AV, =V, =V, (35)

D-D! _ VoV,
D-D"  AVpep

(36)

Since there is a 1linear relationship between the mirror
spacing and the voltage offset acting on the piezoelectric

crystals via D/A device,

!
zoff_zoff
Zott~Zorr

where Z,, and Z'_,, and 2", are the corresponding voltage

offsets, which can be read from the meter easily.

2.2.2 lllumination and the Caiculation of Intensity

The size and the width of a ring corresponding to the
frequency range viév will be changed by changing the FP mirroxr

separation D, but the total area covered by this ring keeps

constant since

dv « RdR (38)

i.e. the larger the ring the smaller its width. Therefore, if
the sample is uniformly illuminated, the intensity of the ring

should not be changed when you enlarge or contract the ring.
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Unfortunately, the intensity of the laser beam drops off from

the centre, e.g. according to a Gaussian profile

r2
B (39)

B
I(r) = — e
®B2

where P, is the total power in the beam and B the width. It
will produce a corresponding exponential drop-off in the
image. By using a defocused laser beam, the drop-off will be
smaller, but it is still there. So, the calibration by using
the intensity of Rayleigh peak rings at different positions is
important. |

The intensity of the Brillouin spectrum, I(v), can be
calculated as follows:

Let I(R) be the integrated intensity along the circle of

radius R

®=%1, (40)
1=1

where N is the total number of the pixels on the circle and I,

the counts of the i*® pixel. I(R) can be changed to I(v) by

using the relation

I(R)dR = I(v)dv (41)
or
- I(R)
I(v) S (42)

where x is the coefficient between the frequency and R?, i.e.
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v = xR + (v.-v,).

Because of the illumination problem mentioned above, this
intensity is not the real intensity and it has to be cor-
rected:

By changing the FP mirror spacing D to get a series of
Rayleigh peak rings, and calculating the integrated inten-
sities I  of all these rings to get a relation between I, and
R, which reflects the drop-off of the laser beam intensity;
then dividing I(R) by I_(R) to eliminate the illumination
problem, and transforming this corrected intensity I_(R),

which is I(R)}/I_(R), into I_(v)

R I(R}/I
Ltv) - I;::R) _ I )2;,(3) (42)

2.2.3 Walk-off Problem

The amplitude of the transmitted light is

(1-Rfe i)

=(1-Ry) —=—
A.(P)=(1-Ry) L

A (44)

where p is the number of reflections, R, the plate
reflectivity, A; the incident amplitude, and &6, the phase

angle between successive reflections, is given by (Born and

Wolf, 1975; Hecht, 1987)
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5= i;ip cos8 - (45)

For certain transmitted beam width r,, the reflection number

is determined by the angle & and FP spacing D

2r, _ 2X,AVpqp

2D tg8 ¢ tgo

In the scanning method, 6-+0, so that p-o and the trans-

(46)

p:

mitted intensity I («) is given by

( 1_Rf) 2

T (w)= A (=) A7 (=) = 3 Lt (47)

(1-R,) 2+4R,sin’

where T, is the incident intensity. The contrast for a

single-pass FP will be

(1+R,) *

q (m) B (1-Rf}2

(48)

In this new method, the transmitted intensity is given by
I.(p)= [(1—12,_?)2 + 4R§sin=(%)] I, (=) (49)

The finite p causes the attenuation of the intensity and the
increase of the width of the transmitted light peak (Fig.2.4).
But, it is almost no influence on the contrast, which is
calculated according to the formula C(P)=I"*(P)/I™"(P). In
figures 2.5 and 2.6, I plotted the curves I ™*(p)/I *(®) and

C.(P)/C, (=) respectively, where the subscript 4 means.it is the
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result of 4-pass FP. It can be seen that the transmitted
intensity is attenuated by 10% when p=60 but it is hard to see
any drop of the contrast at that value of p. It is because
I*" drops at the same rate as I™ does when p decreases.
Usually, ® is no larger than 0.015 radians and r is about
0.15cm. Thus, in order to get p260, FSR can not be less than

34GHz.

The walk-off problem will affect the experimental
results:

Firstly, since p decreases with increasing angle 6, the
image intensity will drop off from the centre, especially in
the case of relatively small FSR. That is why even if I use
uniform white light as the light source, the image may not be
uniform. In tha® case, the intensity I_(v) calculated from
formula (43) is not the real intensity yet and I(R)/I_(R) need
to be corrected by white light intensity I (R) again, which is
obtained from the experiment using uniform white light as the
light source. Then, the real intensity I_(v) will be

I{R)/I.(R)/I(R)

IZG(V) = 2KR

(50)

Secondly, the peak will be broadened by small p at small
FSR, i.e. the finesse will be small. Besides that, the
intensity can be quite low. All of these will make it hard to
get the signal at small FSR.
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2.3 Experimental Results

A typical CCD image formed by scattering from a crystal
of KBr is displayed in Fig. 2.7 (Walton et al., 1992). It was
obtained in the back-scattering geometry and the incident
angle with the <100> axis is 15°. The central main Rayleigh
peak is suppressed, and the first two rings correspond to the
transverse and longitudinal phonon modes; the outermost ring
is from the tail of the first ghost Rayleigh peak scattered by
the edge of the iris.

The corresponding frequency spectrum is shown in Fig.
2.8. Note that the longitudinal peak, which is normally about
four time larger than the transverse peak, has been diminished
because we did not do the intensity correction.

In order to show the efficiency of this new method, two
spectra obtained from the same sample in the 90° scattering
geometry are plotted in Fig. 2.9, one using the new method
with a twenty-minute exposure (‘upper curve) , another using the
conventional method with a three-hour collection time. The

phonon is a T,; transverse phonon, which is rather weak.
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2.4 Conclusions

The CCD provides an efficient means of collectiﬁg
Brillouin spectra. Its disadvantage is that it is hard to get
the real intensity, hence the correct shape of the spectra.
Also, since only a limited portion of the FSR is available for
every exposure, it is hard to get a continuocus spectrum of the
whole FSR. So, the CCD is suitable for experiments to study
fast changing phenomenon relating to Brillouin shift, but not
suitable for those involving background, e. g. electron

scattering and quasielastic scattering.
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Chapter 3

Gelatin Gel

3.1 Introduction

A gel is a jellylike binary material (Mallamace, 1992)
intermediate between a solid and a liquid (Derossi et al.,
1991). It consists of polymers, or long-chain molecules,
cross-linked to create a tangled three-dimensional network and
immersed in a liquid medium. The properties of the gel depend
strongly on the interaction of these two components. The
liquid prevents network from collapsing intc a compact mass;
the network prevents the liquid from flowing away. (Tanaka,
1981; Silberberg, 1989; Kulicke et al., 1989; Peters et al.,
1989; Brinker et al., 1950). So, a gel can be viewed as a
container of solvent made of a three dimensional mesh (Flory,
1557; DeGennes, 1979) ( Fig. 3.2). Also, it can be viewed as
a "single polymer molecule" considering that all the monomer
unit in a one piece of gel are connected to each other and

form one big molecule on a macroscopic scale (Shibayama, et
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al., 1993). Depending on chenical composition and other
factors, gels vary in consistency from viscous fluids to
fairly rigid solids, but typically they are soft and resilient
or, in a word, jellylike.

According to the process whereby the elements of the
network are connected, gels break down into two categories:
chemical gels and physical gels (Guenet, 1992). In the
chemical gels, the connection usually occurs through covalent
bonds. In physical gels, the network structure is formed by
either physical interactions from van der Walls force or by
hydrogen bonds or by ionic interactions (Ruliche et al, 1989),
which leads to two major consequences: (1) the conjunction
domains are not point-like as in the case of chemical gels,
but extend into space (conjunction zones) (2) these gels are
thermoreversible since the energy involved in interactions is
finite (Ross-Murphy, 1991).

Physical (or thermoreversible) gels can be made from bio-
polymers or synthetic polymexs. Water is usually the solvent
used for preparing the biopolymeric gels.

Gelatin is a neutral biopolymer. It is a water-soluble
protein resulting from the partial hydrolytic degradation of
collagen, which can be found in various animal tissues (skin),
tendons and bones. The collagen unit is a rod of approximate-
ly 280 nm length of three strands, each one being twisted into

a left-handed helix of about 0.9 nm pitch and all three being
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Fig. 3.1 Schematic representation of the triple helix in
native collagen. Each chain adopts a left-handed helical form
while the super helix is right handed.

Fig. 3.2 Electron nicrograph (stereoview) of a 2% (W/W)
gelatin-water gel sample.
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wrapped into a super-right-handed helix with a pitch of 8.6 nn
(Maquet et al., 1986; Djabourov et al., .1987) (Fig. 3.1)
(Clark et al, 1987). The collagen structure is stabilized by
interchain hydrogen bonds which are perpendicular to the chain
axes (Macuet et al., 1986).

Although the chemical formula of gelatin is complex and
depends upon its origin, it always contains large amounts of

proline (Pro), hydroxyproline (Hyp) and glycine (Gly) (Guenet,

1992):

Proline Hydroxyproline Glycine
—\COOH —\ COCH
__/N'H o —/N'H NHZ—CHZ—COOH

The commonest sequences are —(Gly-X-Pro)- and - (Gly-X-Hyp) -,
in which X is another amino acid.

Above abcut 40°C, in the sol states of the gelatin-water
system, the gelatin chains are believed to be in the colil
conformation. When the hot solutions are cooled below about
30°C, a coil-helix transition takes place. The role of the
solvent is important in the gelation mechanism, as water
molecules participate in the formation of the junctions in
which they are specifically oriented inside the triple helices
(Pezron et al, 1991). The triple-helical Jjunction zones
cross-link the chains, and when the amount of cross-links
reaches the critical number, the sol will transform into an

elastic, transparent gel, which correspends to the formation
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of an infinitely large three-dimensional network pervaded by

the remaining liquid. An electron micrograph of a 2% (w/w)
gelatin-water gel sample prepared by Escaig's method (1982)
(rapid freezing followed by sublimation) was given by Favard
et al. in 1989 (Fig. 3.2)}. The gel was matured at room
temperature for one week before observation.

Gelatin gel has been used for a long time in various
fields such as food, photography and pharmacy due to its
remarkable mechanical properties and its natural biological
origin. Gel properties have been extensively studied mechan-
ically (Ferry, 1948; Flory et al., 1960; Macsuga, 1972; Godard
et al., 1978; etc.), but only a few of those studies were done
in the hypersonic frequency range using Brillouin scattering
technique. For gelatin gel, as far as I know, only one paper
in which this technique was involved has been published. And
also only the results of the concentration-dependent experi-
ments for low concentration solutions (Bedborough et al.,
1976) were reported. In this chapter, Brillouin spectra as
functions of temperature, time and thermal history for gelatin
-water system at various concentrations will be reported.
Some dynamic mechanical data will be given, which I think is
helpful to more fully understand the viscoelastic properties
of this material. Three models will be used to discuss the

behaviour of the temperature and concentration dependence of

the Brillouin data.
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3.2 Experimental Arrangement

3.2.1 Sample Preparation

The gelatin gel ( pure pigskin ) used in my experiments
was bought from Fisher Scientific Ltd. Its average molecular
weight is about 80000.

Gel solutions with concentrations (the weight ratio of
gelatin to water) from 0.01 to 0.8 wexre made by dispersing
appropriate quantities of gelatin powder into 0.15 M Nacl
solution, which had been made using distilled water. The salt
solution was used because it is known that the nature of the
gel is dependent upon the ionic nature of the solvent, and the
presence of a significant amount of NaCl fixes the ionic force
of the solution and screens out the electrostatic interactions
between the charged groups of the protein chains (Djabourov et
al., 1988; Silberberg, 1989), and reduces the effects of
impurities (Stainsby, 1977). The mixtures were heated to not
more than 60°C, and stirred at the same time until the powder
was dissolved in the water completely. That temperature was
maintained for some time to rid the solutions of the air
bubbles. These hot solutions were adjusted to other desired

temperatures for further experimentation.

3.22 Light Scattering System
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The Brillouin spectra were obtained with a conventional
apparatus, consisting of a Coherent Innova 90-3 Argon laser
operating in single mode at a wavelength of 514.5mm and 75mw
power, a piezoelectrically scanned 4-pass Sandercock tandem
Fabry-Perot spectrometer, and a thermoelectrically cooled
photo multiplier tube as a detector (Fig. 3.3).

The experiments were performed at near back scattering
geometry (about 173°). The interferometer was operated at a
free spectra range of 15 GHz. The overall finesse of the
complete optical system was about 40, which gave a resolution
of 375 MHz. Experiments were carried out as a function of
temperature, time and concentration. The broadening of the
Brillouin linewidth by the optical system was corrected by
deconvolution technique (Vanderwal et al., 1981). The
Brillouin shift and width of the deconvolution spectrum were
obtained by least-squares fitting of a Lorentzian lineshape.
The error in the Brillouin shift is about 0.3% and the width
is about 3%.

Besides the conventional scanning way, I used that more
efficient method discussed in Chapter 2, CCD used as a
detector, to check the time dependence behaviour at fast
changing stage. It should be mentioned here that since the
free spectra range is only 15 GHz the finesse is small. If

the change is not large enough, it may not be seen clearly.
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3.3 Results

Throughout the entire experiment only Ilongitudinal
phonons were observed. The failure to observe the transverse
phonons indicates that the relevant Pockel coefficient is very

small rather than that there were no transverse waves in this

material.

3.3.1 The Influence of Time and Thermal History

Gelatin gel is thermoreversible, but the thermal history
will effect its behaviour. 1In order to study the thermal
history influence on the loss tangent, I did the time depend-
ence experiments in two ways: 1) approaching the experiment
temperature from above and 2) from below, which, for simplic-
ity, will be referred to as the cooling process and the
warming process respectively.. In the cooling process, the
samples at about 60°C were allowed to cool in air to room
temperature about 22°C. In the warming process, the samples at
~60°C were cuenched in ice-water and left there overnight,
then removed from the water bath, and allowed to warm up in
air to room temperature. Both methods reguired about 20
minutes to reach the temperature equilibrium state. The

temperature variation with the time is shown in Fig. 3.4.



42

*pwy3] JO uoyjouny e se anofaeysq aanjexsdusl, ¥°¢€ ‘bTd

(utu) (3)ut

03x
cn__.m cc_.n. A co_.m \ cc_ € cc_ 1
1 I ¥ 1 I | I
-}-00°8
L]
. w—
-|-0'8l
...-
o
anw?
» - -{-
t«v+++
s
-1-0°0€E
. |
+
-{-0°er
-1-0"¥S
L

(30) TUNIVIIAWIL

03¥



43

pupiood o3 pue (D,2Z + Do0) S8
x '9°0=0 tewW3 JO UOFjOUNg ¥ se

-Kteafaoadsea ‘(0,22 + D,8S) sseooad

(utm) (3)ut

aooxd Hujmziem oYy jJussaidex 4+ pue
quebuey SBOT TwoTuURYooH uG'c °*bH1a

03x
| e T I 094 i 09 s I 00 € s
— T | 1 t T 1 | —
-1-es81°’
—{-8L1°
- +
" +
T S L s ~-goz*
+ L f *+ e+ oo
~i-rec’
-1-6te*

LNIONYE SSOI

03x



44

puftooo ayy pue (Do22 + Do0) SS°

«KraaTyoedsex ‘{0,227 + D,09) sseooxd

poad bHuyures syz uesaxdex + pue x

1g Q=0 !0WT3 3O uofjzouny e se juebuel SSOT TESFURYOOH as*c °bt1a

(utu) (2)ut

oax
L o9®  og , ¢ , 09€ , 09
I ! r r ! | | I I J
L
~{-oot°
-
-}-261°
+
—T-vee”
s e *e * » +
.“ " tt + tlt.ﬂttt
-+ + + + L e
+ + “ * .-.u-.... » »
. ~~952°
-1-88c”
.

LNIONYL SSOT

03ax



45

* (0022 + D009) sgaooad
uotaereh uy AITUS utnoTITad ayy 3o asouspuadep aufl 9'€¢ °bBTa
DEL (utw) (3)ut
. n_o_ ‘8 i oc_ L ' On__ ‘S A QQ_ '€ ; Oo_ 1
Vo I 1 T 1 I | I | 9 1
T°0=0 " .... * . " . LAY S T TR . -1-61°8
L ]
~j-68'8
+ +
«“+ * +s+ * .1++ : * e
g0=0 * ¥
16178
»
* L
- » * .
., v " e +
T ow + -{-c9°8
G*‘0=D » .
+ +
s+t * T
+
L°0=0 + + ¥ -}-2-0t

i 03X

(zuo) %



46

(uyuw) (3)uy

* (0,22
~ D,09) sseooad uorjersh UT YIPTA 8Y3z Jo souspuadap SUTL L'E .moa.m

03%
0D '8 004 00 'S 00°E 001
ettt
" -{~o09°
»
. .
T1*0=D2 . 5 » A R T +
~}-00"*1
-+ +
+ 4 + " T
+ )
0 T e ~torct "
£°0=0 + + » )
+ o
L (Y
» St
" .
3
» -1-08 "1
. . . *
G'0=0 . + " -1~
+ +
. s+ T
L°0=D + T
- Q3%




47

Fig. 3.5 shows the curves of tg8 versus 1ln(t) for
concentrations of 0.6 and 0.8. From these graphs, we can see
that after the 20 minutes required to reach temperature
ecquilibrium, the loss tangent still decreases with time in the
warming process and increases in the coolinc_v'_ process (which is
really a gelation process since the experiment temperature is
below the gel peint T;) - The two curves of these two pro-
cesses intersect after about half an hour, and when approach-
ing the equilibrium state, the loss tangent of the cooling
process is larger than that of the warming process. This
behaviour can be seen for otheér concentrations (refer to Figs.
3.8 and 3.9) so I think it is real, not because of the experi-
mental error even though the difference is small.

The gelation results for various concentrations are shown
in Fig. 3.6 and Fig. 3.7. The decrease of v, at the beginning
of gelation in the low concentration case is caused by the
temperature changing. It can be seen that (a) after about
half an hour when the gelatin-water system was already in the
gel state, v, and I'; are still increasing for C=0.5 and 0.7
sample, but almost not for ¢=0.1 sample; and (b) the larger
the concentration the bigger the eventual value.

The behaviour of these curves is similar to those
resulting from mechanical experiments (Ferry, 1948). However,
the influence of thermal history on the essentially constant

values of v, and T, are different. From the mechanical



48

sgoAIND PUTIITI I88q oYl oIe Soull po3jop S{UL *K1eatyoadsax

. 1gggsaooad PUTTOOD pue Hujwies woxy ganeal oY) jussaadax + pue x *D.2T

Je 3ITUS UFNOTTTAL ©U3 JO SenyeA JuUL3SUOD ArTerauesss auyL 8'¢c °“HT4

03ax o 'NOILVUHLNIONOD
1 OO_G. 1 DO\. ) 1 QOAW ’ (| ||O._.”.u_m. i OO_— ) |_.l
I ] ] 1 1 1 ¥ I ] 1
b
.w d_oz8
o.' ——
.+..
o —4-08°8
CRRPIN
<
[+ ]
) ) —+ov6
] 0
. 4 m
I b N
+
. . ' ..l.anoOﬁ
- .4.--
- . i
e -{-g°01
i 03x




49

.goAInD HUF3zATF 3sedq oyl ale SOUTT P93IAOP UL « K1oaTy00dsax
1gaggsepoad Hujrooo pue puymres woxj sS3TNESL ayy ajuagexdsx + pue
¥ *DoZZ 3 UIpTA U3 Jo sanTeA JUe3ISUOD Arrerausssa 8yl 6°¢ ‘BT4d

03% 5 ‘NOLLYYLNIDNOD
{ nmm. ‘ \ oo_m.. * ' oc_v * A cv_m.. * \ om_o *
| I ] I ! 1 § 1 ] 1 ]
...o“““..llccm.
L.t .
+.
' . ) .
w.
S -1-02°1
. +
-.. ‘
. "
—-08"1
. A
. s
. -1-002
. +,
N .... T
RS
-—0ay 2
.

(zHo) %1

o3x



) 50

experiment, the rigidity of the warming process is always
larger than that of the cooling process even after fifty
hours.. My results show both v; and I of the cooling process
are larger than those of the warning process (Figs. 3.8 and
3.9, in which the dotted lines are the best fitting curves).
Also, the difference between the two processes increases with
the concentration. My results agree with Bedborough and
Jackson's result about Ty, but differ from theirs about v
which did not show this difference. I think my results are
reasonable if we remember the two processes have different
cooling rates.

The sample gelatin solution in the warming process was
cooled down very rapidly before being warmed up. This fast
cooling "froze" the molecules in the configuration they had
immediately prior to chilling and the gel had small crystal-
line regions. On the contrary, the sclution in the cooling
process was cooled naturally in the air at a relatively slow
speed, which gave the polymer chains in the solution more
chance to contact each other to form links, and the crystal-
line regions were bigger, which caused the larger values for
vg and Ty.

To get rid of the temperature influence and also to study
the influence of the cooling rate on the fast changing stage,
I cooled the sample of about 60°C to room temperature quickly

(about 1.5 minute) and used the CCD' method to study the fast
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changing stage of the gelation process. I did the exposure
every minute. The radius of the ring is related to the
Brillouin shift and there is no obvious change of the size of
the rings with time. There are two possibilities which can
cause this result: (a) the fast quenching "froze" the mol-
ecules and made the change small; (2) the resolution of the
equipment is not high enough to cbserve the change, especially

when the phonon peak is broad.

3.3.2 Temperature Dependence

The solutions at =2bout 60°C were quenched in ice-water
overnight before increasing the temperature in steps, from
about 2°C to 61°C. At every step, samples were maintained at
that temperature at least four hours before doing the experi-
ment. According to the previous section, the Brillouin shift
vy and width Iy shown in figures 3.10 and 3.11 are the
essentially constant values at individual temperatures. It
was found that
— for dilute solutions v; increases monotonously with T, as
water does in that temperature region (O'Connor et al., 1967);
— for condensed solutions, v, decreases at first, and then
becomes approximately constant:

— for intermediate concentrated (with ¢ between 0.2 and 0.3)

solutiens, v; iz more or less independent of temperature;
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— at the same temperature, the higher the concentration, the
larger the shift. )

As to the width, no matter how much the concentration is,
I; decreases with increazsing temperature, and at the same tem-
perature, the higher the concentration, the larger the width.

When the concentration is not too high, Iy decreases
almost linearly with temperature and a change in slope occurs
at certain temperature. The first part of the curve must
correspond to the gel state, and the change in slope signals
the transition to the sol state. So, the temperature at which
the slope changes can be treated as ™"melting" temperature T,
as Ng's group did (1984, 1985a). T, is concentration depend-
ent, from which the phase diagram can be obtained (Fig. 3.13).

The temperature dependence of the loss tangent is shown
in Fig. 3.12. The general feature of these curves are similar
to those of I, except that the slopes are different. The
slope at gel state is larger than that at sol state, which
indicates there is an extra mechanical loss tangent in the gel
state.

Fig. 3.14 and Fig. 3.15 show the temperature dependence
of storage modulus M' and loss modulus M". The refractive
indexes I used (listed in Table 3.1) were measured at room
temperature by refraction and using Snell's law. Their change
with temperature is hard to see. The curves M' and M" have

the behaviour similar to v, and I;, respectively.
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Table 3.1 Refractive indexes

c 0.01 0.1 0.2 0.4 0.6 0.8

n 1.3324 | 1.3385 | 1.3545 | 1.3707 | 1.3867 | 1.4034

That different concentrated solutions have different
temperature dependent behaviours of the Brillouin shift (or
equivalently, the sound velocity and storage modulus) is quite

interesting, and has not been presented in other reports.

3.3.3 Concentration Dependence

Fig. 3.16 displays the change in Brillouin shift with
concentration for two temperatures (14°C and 26°C). It is
quite clear that a linear relation exists within experimental
exror. The linear approximation breaks down at concentration
of about 0.4. The same behaviour can be found at other
temperatures. In the inset aré the best fitting lines for the
temperatures of 14°C, 22%, 26.5°C 32°C and 35°C. It can be
seen that the lower the temperature the larger the slope of
the fitting line, and all of these lines having different
slopes intersect in the region around c=0.25. But at even
higher temperatures, the best fitting lines will not intersect
at that region. As to the Brillouin width, it increases with

concentration (Fig. 3.17), however, the curves for various
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temperatures do not intersect each other but diverge.

It should be mentioned that the concentration dependence
shown in figures 3.16 and 3.17 are the data from temperature
dependence experiments. The data from time dependence
(warming process) are different, presumably due to a different
influence of thermal history on the experimental results.

Also it should be noted that the concentration unit used
£ill now was the weight ratio of gelatin to water. If the
concentration is expressed as %w/w or gelatin density pg
(g/cc) (Fig. 3.18), the shape of thbse curves in Fig. 3.16
will be different.

Fig. 3.19 displays the concentration dependence of
storage modulus at 22°C, where two different units c and p,
were used to express concentration. According to J. Ferry!'
data (1948), the shear modulus is proportional to the square
of concentration (g./100cc). I plotted the longitudinal
storage modulus against the square of concentration (pgz) (Fig.

3.20) as a comparison.

3.4 Discussion

In order to get more information about the gelatin-water
system, I will use three different models to analyze the
experimental data. It should be mentioned since this biopolym-

exr system is quite complicated there is no perfect theory for
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‘it. Every model has its merit, also its problem.

' Also, I would like to mention the work of two other
groups. One is E. Courtens' work on Brillouin-scattering
measurements of phonon-fracton crossover in silica aercogels
(1587) . Another is C. M. Sorensen's work on anomalous diffu-
sion in &.jueous solutions of gelatin (Ren et al. 1992, 1993) .

Courtens' results are reprinted and shown in Fig. 3.21.
Although I did not do the wave-vector {angular) dependent
experiment, I am sure I will not get the same dispersion curve
at low density as his even if I did it, which can be expected

if we compare his vg—p, I;-p behaviour with mine.

Table 3.2 A comparison between Courtens' results and mine

p, Kg/m’ 103 186 407

His results v, GHz 0.7 3.55
6 = 180° Iy GHz ~0.55 ~0.35
vg/Ty 1.27 10.14

Py Xg/m® 93 175 435

My results vy, GHz 8.16 - .45 9.96

6 = 173°

The column for p, = 103 kg/m® is empty because at that density

v, is too small and I'; is toc large to be figured out from the
curve in Fig. 3.21la. '
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(b) Wave Vector k/2x (ca™')

Fig. 3.21 Courtens:® results. (a) Backscattering spectra for
six densities (in Kg/m’) of silica aerogel samples. IW is the
full instrumental . .dth at half-height. The central portiocn
of the spectra, affected by the elastic line, was removed for
clarity. (b) M2asured dispersion curves.



71

His spectra demonstrate a remarkable decrease of
Brillouin shift and increase of Brillouin width on decreasing
density at constant wave-vector. But my results show both of
vy and Iy decrease on decreasing density (Fig. 3.16 and Fig.
3.17). His vy /T, decreases with decreasing density, but mine
increases (Table 3.2). That is why Courtens' group can find
a density just under 186 Kg/m’ at which v; = I (crossover
frequency), but I cannot no matter how low the density is.

That v, = NI'; corresgonds to the phonon mean free path
equal to phonon wavelength since T = r'' = v/1 = vi/1, implying
that the phonons are localized. I can never get that point of
v, = I; or 1 = A means one will not find a localized phoneon
(group velocity = 0) at low density in this gelatin-water
system.

Sorenson's group used a dynamic light scattering tech-
nique, performed in the homodyne mode, to study the relaxation
process of semidilute gelation solution. Their results
indicate three modes of relaxation: a fast exponential mode at
short time (£ < ~ 50 us), followed kv a power law at inter-
mediate time (t < ), and a stretched exponential mode at
long time, where 7_ - « as the quenched system evolves to a
gel. They interpret the fast mode as the incipient gel mode
due to short-range monomer or blob motion of the chains, and
the second and third modes as anomalous diffusion modes whexe

the mean-square displacement is proportional to 'ln{t) at



72
intermediate time and t? with 8 < 1 at long time.

It  is hard for me to make any comment on their results

e

and conclusions since I did different experiments and studied
different phenomenon.

Firstii, Brillouin scattering method is usually used to
study relatively rapid dynamic processes occurring on a time
scale faster than about 10°¢ second. The optical mixing
homodyne method are used for processes that occur on a time
scale slower than about 10°¢ second. That is why it is
impossible for me to study the diffusion process on a time
scale as large as 50 usec.

Secondly, the main field I studied is the mechanical
properties (sound propagation and attenuation) of gelatin gel,
their change with time, temperature and concentration.
Sorenson's attention was focused on the diffusion in gelatin
solution (T > T,) or the diffusion in solution set to gel (T
< T,, but before gelation).

Thirdly, there is a fundamental difference between the
diffusion process in a solution of polymer, and in gels. The
difference results from the cross-linking between polymers in
gels (Tancka, 1985; Munch, et al. 1976). So, e 2n if I study
the diffusion process, we are still not studying the same

pnysical system.
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3.4.1 Model 1

A simple model can be constructed by assuming that the
storage modulus of the gel system is the sum of the contribu-
tions from the network and from the fluid. Phonons will be
scattered by solvent molecules and gelatin molecules, and the
scattering cross-section of a gelatin molecule in the network
is different from that of the residual molecule in the fluid
(Walton, 1994).

Consider a unit volume of gelatin-water system. Let N be
the total number of gelatin molecules which occupy a fraction
¢ of the volume, and «(T) the number fraction in the network
at gel state, then aN will be the number of gelatin molecules
in the network which occupy a fraction a(T)¢ of the volume.
The fluid, consisting of water and gelatin residual molecules,
occupies a volume of 1~-x(T)¢, and the gelatin residues occupy

a volume of [1-a(T)]¢. Thus, the gelatin residues volume

fraction ¢, in the fluid is giﬁen by

b =(1-e(D]1d (57
Tol-a (e

Since fluid is a suspension, its bulk modulus can be

calculated using the following formula (Wood, 1964)

1/K, = (1-,) /K, + &,/K, (52)

where K, and K are the bulk moduli of water and gelatin

molecules, respeccively. Note that from now on all the
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modulus means storage meodulus.

[1-~a (T} PI K,

Ke = 3500 -z (D ®

(53)

where r = K /K.

Let the contribution of the network to the longitudinal
modulus be M' (2(T)¢), scme function of the number of mol-
ecules in the netwoi:'k, then the total longitudinal modulus can

be written as

M = K, + Mi((T) ) (54)
Fluctuations in density will scatter phonons. Let the
scattering cross—section of a gelatin molecule in the network
be ¢ and that of the residual molecule in the fluid o,, the

phonon mean free path 1 is given by

17=17*(T)+ [N-a (T) Nl 6+ (T) No {55)
where :l.i'1 (T) is the inverse of the phonon mean free path in

the solvent. The inverse of the phoncon lifetime is
:-1=r=i1’=vu-1 (56)

and

tgﬁ)ﬁ (o, N+ (0-0,) aN] (57)

<I*—.1

where (t:c_:;G)i is the loss tangent of the water.

Let m; and V_ be the gelatin molecular weilght and volume,
then
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N = EE = i (58}
m, Vo :
Thus,
tg8 = (tg0), + 2= Lag +(a-0,)a (D]
q Mg (59)
= (tgb), + 1.933x101‘—pL[o°+(o-c°)¢]
nipg)
or
tgd = (tgB),; + 2z & [o,+(6-0,)a (T)] (60)
g Vu

0, and Empirica) Pormula for Loss Tangent

g, can be determined from the experimental results of

61°C (Fig. 3.22). The best fitting curve gives

tge=0.1315pg+0.0503 (P,(O.BQVCC) (61)

Since at this temperature a should be equal to zero, by

comparing Eq. (59) with Eq. (61) we have

1.93310%, ~5.1315 (62)

and
0,=0.068-10"%¢n=0.058-10"%4(1.3308+0.1331p,) (63)
(0g) yve=2 - 2°107*¢cm? (64)

Now, equation (59) can be rewritten as
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(tg8) (pg, T =(tgB) (0, T)+ 0.1315p,

p (65)
+1.933120%—2Z - (0-0,) «(T)
n(pg)
or
(tgB) - (tgB) ; - 10 (g-
. 0.1315| n(p,) = 1.933-10%(0-06,)a (D) (66)

= (T, pg)

where y, according to the assumption, should be a function of
T only. However, after comparing with experimental data, I
found that y depends on concentration too. That is to say
either (o-g;) or a has to be concentration dependent. For the
time being, let us treat Y as a function of T as well as Pgr
and compare with the experimental data to find an empirical
formula for Y(T.,py) -

Since at temperatures higher than melting temperature T,

a should be equal to zero, we ccon assume that

(67)

kipd (T,-1)  (TSTy)
¥(T,pg) =

(T>T,)

where k(pg) is an unknown function. Compared with the

experimental data it can be found that

T, = -102.46p; + 62.62p, + 23.87 (68)

and

kipg) = (-550p3 + 362p, + 10.26) 2 _ (69)
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The curves of K(p/)(T,-T) are shown in Figs. 3.23 and
3.24. The intercepts of those curves with the line y=0 denote
the melting point-concentration dependence. Why all the lines
in Fig. 3.24 intercept at the same point (T=22°C) and why
Y(pg.T) decreases with increasing py 2t T<22%C are left as two
open questions.
The empirical formula for loss tangent can be obtained

from Egs. (66), (68) and (69), which is given by

tgd - (tg8); = 0.1315p_ + Y(T,p,) p,/n(p,) (T<T,) (70)

In figures 3.25 and 3.26 are the theoretical curves, which fit

the experimental data quite well.

Modulus of Network

In order to calculate M' (a(T)¢), «(T) has to be found
first. By changing the concentration unit from p, to ¢, we

can plot «(T)/a against ¢ for different temperatures (Fig. 3.

27), where

7
= 71
a T(o-0y) {(71)

@(T)/a is dependent on ¢ as I pointed out before. However, in
the intermediate concentration region, the curves are quite
flat. I calculated the average values of a(T)/a in this

region and found its temperature dependence which is given by



83

* (°0-1)y/"A=e @aaym ‘(wojjoq o3 doj woay)

L e e/{(L)o

L€

om.ﬂ.h

0,8t ‘Ge ‘zec ‘s'sz ‘g9z ‘zz ‘vi '8 T =
03x NOXIOVUd AWNTIOA
1 ON-N. [ Q__N. [ Oﬁa. [ Om_c. | Om_o.
I 1 ¥ I 1 1 1 1 I 1
m K llflccTol
ﬁ K
/ | .
e ———— \\\\.\\\.\.\ 000
——
. * #* * » » — L
— .
\\\\ / -{-o0F *
~J-021
A

/(L)

03x



84

«{0) 2,82 pue (+) D.20 '(x) DoT 2e ‘T 1opouU
Kq pejernotreo ‘yaomzsu jo snynpou eberols Teuypnifbuoi 8Z°¢E ‘614

03% NOILLOVYHd JAHNTIOA
o, e om0t O
b 1 [ 1 1 1 | | | ] ]
o qQ !Lrooc.
[« o -
o + |
+ . I
[s ]
La]
+ -{-008"*
[+
+ » “
—rl u-
+
. |
-1-09°t Q,
»
L Z
&
»
~}-or 2
-l-oe'e
— wa




85

« (T topou) (o) D8z pue (+) D2z ‘(x) DT 3T o Cdo/f)  ezre By

03ax NOILOVYA JHNTOA
I 1 i J J J ' ' ! _
» L 3
+
) » * . * {-ooo0z2
» + *
) .
+
. o ° ——000E
0 o

o _—
. <
f‘
(A o .W
—1-000¥ w2
3
g
)

-1-0008

40009

A 03%




86
(%a)m(n = 0.5696 - 0.0180T (72)

Since at 0°C &« should be cleose to 1, let a equal to 1.7556 so
that

&, (T) =1 ~0.0316T (73)

Using this «,,(T) for the «(T) in Eg. (54), M', can be
deduced from the experimental data of M' vs. ¢. The curves of
M' vs ¢ for 28°, 22°C and 1°C are shown in Fig. 3.28. M'
increases with ¢ but decreases with T, which I think the
behaviour of M' should be.

One problem of this model is that if M' and the network
density ap, are used to calculate (H'n/apg)m, which corre-
sponds to the sound velocity in the network, it will be found
the higher the temperature the larger the (:{'I'n/c:;:;g)"’z (Fig.
3.29), which is hard to understand. One possibility causing
the problem is the substitution of «(T) by <, (T). According
to Eg. (73), T cannot be laz::ger than 31.6°C, otherwise «,,
will be negative, that is to say, nc gel state can exist at
T>31.6°C, which is contradictory to the melting point result.
Later, in the summary, we will see there is another reason

which may cause this problem.

Using ¢ as the concentration unit, the best fitting curve
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to the experimental data of tgb at 61°C is given by

[£90] pugyoe = 0.1820¢ + 0.0508 (¢ < 0.218) (74)
Since
- =3 ls -1_%
we have
1 % =-o0.1820 (76)
a o-6,

which gives out ¢ = 40,.
The value of o, seems to be too small and why ¢ is much

larger than o, is left as another open question.

3.4.2 Model 2

Gel is characterized by two kinds of bulk coefficients:
(a) the elastic constants of (or the sound velocity in) the
network and (b) the fricticn factor connecting the velocity of
the network relative to the gel liquid and the resistive force
provided by the gel liquid (Tanaka et al., 1973; Hosea et al.,
1986b; Tokita, 1993). A theory for Brillouin light scattering
from gels, proposed by Marqusee and Deutch in 1981, can be
used to determine these two parameters. The physical picture

adopted in M-~D theory is similar to that describing flow in
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porous media.

Elastic waves propagating in a gel are divided into two
groups. One is the wave propagating in the polymer network
and the another is that propagating in the fluid. Generally,
elastic waves in the network and sound waves in the fluid
couple each other, and there is friction between these two
mediums. Margusee and Deutch treat a polymer gel as a coupled
fluid and network system and define a parameter 0SA<l to
measure the coupling effect. Two limiting cases are con-
sidered by then.

The first case, which predicts a two-mode type of
behaviour for the Brillouin spectrum , occurs for small
frictional damping. In this case two pairs of Brillouin peaks
should be observable, which, for weak coupling i=0, approach
the unperturbed fluid and network frequencies #uv, 6 and *o .. The
second case, the strong friction case, corresponds to a one-
mode type of behaviour and predicts a single pair of Brillouin
peaks at *w. Since only one pair of the Brillouin doublets
can be found in my results, it seems appropriate to compare
the results with the theory in the limit of strong friction.

According to M-D theory, in the strong friction case the
average sound speed v {=2%v,/q) in the gel and the damping of

these modes T' (= I'yx/q°) are given by
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prv® = (VAPE + vafpD)? + 2w, (VE-1)/P2os (77)

o 0 172
2p D= (n,+£0,) +-—’-‘-,[3-"'—pﬁ] [V§-V§+V:Vn(p§-p?,)( 3‘0)2] (78)

3 fvil po PsP2n
with
Pr=P%+P: (79)
where:
g = the wave vector of the sound,
£ = the friction coefficient expressing the frictional
damping on the elastic network resulting from the
fluid moving relative to the network,
v, and v, = the sound velocities in the fluid and in the

polymer network,

p° and p ° = the equilibrium densities of the fluid and the

network in a gel,

n, and n, = the hypersonic bulk and shear viscosities of the

fluid.

Note that the sign before the v,v_ term should be positive

(Ng et al., 1993).

In the strong friction limit, £ satisfies the following

conditions:

Binain)at, o) (80)
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and

>0, p3 (81)
the right-hand side of which has an upper limit of ~ 5x10%
Kgm>s™1.

Let V and m be the total volume and the total mass of the
systenm, o, m, m, and m, the masses of gelatin powder, solvent

(in my case, the water), cross-links and fluid respectively,

we have
M +m,=m=m+m, (82)
and
Oyr= Ov= (83)
prV=m,, paV=m,

Suppose at a certain temperature m,=cm_, where 0<a<l is the
mass fraction and increases with the decreasing temperature,

then the network density and the fluid density can be

expressed as
m
ps = cc—‘; = xcp, (84)

p=[1+(1-a)clp, (85)
respectively, where p, is a function of ¢, and when c=0, p=p,-

The subscript w denotes the pure salted water. Thus, we have

(1+c) v2=[1+(1-a) c] vivecva+2v,v/h/ecli+r(1-a)c]  (86)

and
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- 2
2(1+c) P;I' =(Tlv+-g-ns) + 1 [ac(l*c QC)] pi

fv2 1
e 2 (87)
_ A
X [v}-vﬁ-'-vgv,(l*-c 2¢c)\l ac(1+c-ac) ]
with
r .
q,,+-‘-"3-n,= cn,+l;-n,) J+an=2p,T, +an=2p, 22" +a1 (88)

dw

where An is the contribution of the residues to the fluid

viscosity.

Sound Velocity in Fluid

It should be mentioned that v, is not the sound velocity
in pure water, but it can be figured out from the experimental
data.

From Fig. 3.30 it can be seen that the curves of M!'
versus p, at 50°C, 55°C and 61°% almost overlap each other at
concentrations lower than about 0.3g/cc and M' increases
linearly with Py - Since at those temperatures no network

should exist, the storage modulus can be expressed as

MI: .f=Mi+Apg (89)
where M', and M' are the storage moduli of the fluid and
liquid,” respectively. Using the average value of M's of these

three teaperatures at p,<-3g/cc, A can be determined as

2321080 m¥/s?. 1In general, we can assume that
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Mi=Mi+A(1-a) p, (90)
i.e. A(l-a)p, represents the contribution of the gelatin

molecular residue to M;. V, is given by

ve =

ol &

=2 [M +2a(1-a)ep, ] (91)
Pr
It should be emphasized that since the value of A is
obtained from the experimental data at p<0.3g/cc, strictly
speaking, the following calculation is only suitable in this
concentration region. However, I will extend the results to

higher concentration region and check their behaviour.

A, a, Vv, and £

There are four unknown parameters in egquations (86) and
(87): v,, £, ' and «a. Two equations are not enough to
determine all the parameters. . Actually, in M-D theory there
is another formula — an expression for diffusion mode as a
function of A and £. Unfortunately, I do not have the
experimental data. However, the reasonable A and a¢ can still
be figured out within a certain range considering the follow-
ing physical requirements to them.

Firstly, v, should decrease with increasing temperature

but increase with concentration since a higher concentration

usually means an increased number of entanglements which will
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tend to increase v, (de Gennes, 1979). Secondly, f should be

large enough to meet the requirement of the strong friction
limit. Also, it is expected that f is concentration and
temperature dependent since the friction constant £ is related
to the viscosity of the gel ligquid (water + residues) (Tanaka,
1973), which is a function of temperature T and the residue
concentration in the gel liquid ¢,. A higher concentration
sample should have larger ¢, which will yield a larger
friction constant. Thirdly, « should approach 1 at low
temperature and decrease with increasing temperature.

In figures 3.31 and 3.32, I plotted the curves of v, VS.
c for various A and ¢ by using the experimental data of 22°C.
It can be seen that A=0, or small a even at A=l causes v, to
decrease with increasing ¢ at low concentration region, which
cbviously makes no sense. So, there must exist a low limit
for A and a¢. If ¢=1 the minimum value for A is 0.006, and if
a= 0.5 it will be 0.07. Although v, is only weakly A-dependent
except for low values of A, f increases with A. In this case,
a large A seems to be a more suitable choice. Also, it
provides the best prediction that v, should smoothly approach
zerc as c»0. The reasonable &, for A=1 can be found for

different temperatures, which are listed in table 3.3.



95

2 H:wuoE buysn Aq D,22 2@ ejep Hmu:msﬁmmmxm 2yl woxj
peje(nores 8le s, A 219Ym ‘p=Y ‘© snojiea 103J D SA A eic'c *BT4a
03X 2 ' NOILVYINIONOD
. cm_o * i om.v * | cm_m * . o:m * . ch.o *
! ¥ ¥ i i 1 1 1 I I
-00S1
—-00s¢
-
- 0DSE
-00SsY
—~00S88
i

(s/m) “a

0oax



96

*1=Y ’'D snOjIeA 103 O sA ‘A dqig'g °BI4

9 NOILVYLNIONOO

osf * 0SgE * 0iz” 040°
1 |

U4

‘082

‘ocr

‘094G

‘004

(s/u} “p

o3ax



S7

* (mo330q
o3 doj woxJ) T pue 6*0 ‘T°0 ‘S0°0 ‘e0°0 ‘T0°0 ‘O=Y pue =0 ‘Z Topoum

puysn Aq 0,22 3e ejep Tejusuyaadxe oYy woxy pejeinoTed YA zg'g *BTa

03X o NOILVULNIONOD
] 8%- | QQ—T- | 9«%- | QnW- | thu-
I ] 1 I 1 ] | ] 1 T
~1- ‘062
~1- ‘0S4
~1-05841
—-0see

(s/m) “A

03X



98

Table 3.3 The reasonable Coin

There exists a linear relation between @, and T:

@pyy = 0.9733-0.02337T (92)

This equation expresses the phenomenon that at gelation
temperature not all the gelatin molecules are connected to
form the network. As the temperature decreases, more and more
gelatin molecules attach themselves to the network. Moreover,

above 42°C there is no network, otherwise e, will be nega-
tive, which is in agreement with the common experience that

above about 40°C the gelatin-water system is in the sol state

(Godard et al., 1978).

I calculated v, and £ for various temperatures within the

limit of @. The a I chose for various temperatures are listed

in Table 3.4.

Table 3.4 Mass fraction at various temperatures

w
T°C 1 14 22 26 28 32

4] 0.955 0.64 0.46 0.36 0.32 0.23
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v,'s Behaviour and Successful Explanation to M?

It can be seen from Fig. 3.33 that except for the cuxve
for 329, v, increases with concentration and decreases with
temperature as expected, which can be used to explain the
different behaviours of the Brillouin shift (or sound veloc-
ity, storage modulus) at different concentrations when
temperature changes (¥ig. 3.10 and Fig. 3.14).

For A=1, Eq. (77) becomes

pv2=(vyfpl+v,/pl)2 93

or

JFrv =V = i + i, = eaGiare, + B, v, (O

According to this equation, at a certain concentration
the change of the sound velocity Av with temperature depends
on the changes of M', and M' with T. When temperature in-
creases, M' increases but & and v, decreases. At low
concentrations, the main contribution to Av is from the M',
term, which increases with T. In the high concentration case,
the change of M' is larger than the change of M',, which
causes the decreasing of M' when temperature increases. At
intermediate concentrations, these two opposite contributions

compensate each othexr and v (or M') looks like independent of

T.
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The v, curve for 32°C has a drop between c=0.05 and c=0.1,
which denotes that at that temperature the low concentration

samples are in the sol state.

f£f's Behaviour and the Problem

The temperature and concentration-dependent behaviour of
the friction constant predicted by this model is shown in Fig.
3.34, where I omitted the term Arn.

It can be seen that (a2) £ increases with concentration
monotonously at 32°C, but at low temperatures it increases
first, then decreases, and the maximum position increases with
T; (k) £ is not large enough to satisfy the criterion of a
strong frictional damping limit. If I add the term An using
the same way as I did for fluid velocity — letting An equal
to B(l-a) py and taking the slope of the fitting line of the
viscosity wvs. p, at 61°C (pg<0.3g/cc) as the value of B
(8.4%207° m/s), £ will be larger but its shape will still be
the same (Table 3.5).

What causes this up and down behaviour?

One possibility is that this model neglects the sound
attenuation within the fibres of the network itself since Eq.
(78) only includes the intrinsic attenuation in the fluid (the
first term) and the attenuation due to the relative motion of
the fluid against the network (the second term). Now, let us

add this attenuation in Eg. (78), and therefore in Eq. {87),
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to see if the shape will have any change.

Table 3.5 Friction coefficients (10" Kg/m’/s)

0.55/0.5
An=0
1°c | Anwo [[70.487 | 1.510 | 2.016 | 1.898 1.334 l
T An=0 § 0.050 | o0.650 | 0.870 | 1.643 1.828 E
22°C | Ans»0 | 0.055 | 0.968 | 1.143 | 2.221 2.393

Assunming this additional term can be expressed as

2p, = 2ecp,T, = 2ecpTpn/2a (95)
where T, denotes the intrinsic attenuation in the network.
When ¢ = 0, T =T,; and wvhen ¢ = « (p, = 0 and cp, ~ P=P), T
approaches I',, where I', is the sound attenuation in the dried
sample. T, should depend on concentration, but the relation
between T, and ¢ is not clear. For simplicity, I treated it
and g, as constants, and calculated f of 1°C at various values
of ', with An=0 (Fig. 3.35) to get some idea of how big the
influence of I' on £ is. It can be seen that adding the
attenuation term due to the network yields a larger friction

constant but does not solve that up and down prcblem.
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Another possibility is provided by Tokita. Tokita
pointed out (1993) that gel can become inhomogeneous due to
the density fluctuations frozen in the gel when the cross-
linker concentration is increased. In such case, the fric-
tional property is mainly governed by the spatial correlation
length of the density fluctuations rather than by the average
cross—-length density of the gel, hence the friction decreases
upon increasing the cross-linker concentration. I am not sure
if this is a good explanation to that up and down problem.

When temperature drops, more and more gelatin molecules
are connected to the network, and c, becomes smallier and
smaller. These two factors of lower T and smaller c, give
opposite influence on fluid viscosity. The temperature
dependent behaviour of £ will depend on which one of these two
factors is dominant.

At last, I would like mention two things. One is the
water populations in the gel state. In the gel-state the
water molecules can be divided into three fractions (Djabourov
et al., 1987): (a) the free water; (b) the bound water bound
to the coils or to the aggregations of triple helices exposed
to the free solvent; (c) the structural water made up of
molecules which are bound to the chains in order to stabilize
the triple helices or the aggregates of triple helices
(Maquet, 1986). If we think part of the water participates in

the formation of the network, we should adjust the values of
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ps and p ° used above: let p,° be smaller and p° be larger,
which is equivalent to a2 larger c©. The result of this
adjustment will make v, larger, and £ larger too in the low
concentration region.

Another thing is that the values for a (therefore the
value for v, and f) are not unique. 1Indeed, if I choose a
larger «, £ will be larger. However, since a is already close
to 1 for 1°%C, an arbitrary larger a at higher temperature will

cause an increase in f with increasing temperature, which is

undesirable.

Comments

From the discussion above, we can see that this model can
successfully explain the experimental results of the tempera-
ture dependence of the storage modulus, and produce the
reasonable v, -T, v -c behaviour. But, its prediction to
friction coefficient may be a problem. There are too many
unknowns and too many parameters which makes it hard to get
quantitative information.

It needs to be pointed out that ¢ should alsc be a
function of time and thermal history. For a gelation process,
¢ will increase with time as displayed by the results of the
gelation experiment (Fig. 3.6 and Fig. 3.7). At the gelation
time, which is the moment when the two large clusters are

connected together to form an infinite network, there are
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still some unattached gelatin molecules (residues) left in the
gel liquid. As time goes on, these residues will attach them-
selves to the network (e increases), which makes the modulus
larger. High concentration samples have more residues, which
will increase the modulus more after the gelation time. In
general, a=c(T,t) and the above is the situation when t = 4
hours.

This model was used by some groups to analyze their
experimental data (different materials) (Ng et al., 1985b;
Kato, 1987; Brown et al., 1991; Ng et al., 1993), but none of
them considered the temperature influence on the network
density and the influence of the gelatin residues on v, and

fluid viscosity. So, my discussion is more thorough than

theirs.

3.43 Model 3

D. L. Johnson's thecry (1982a) for elastodynamics of gels
is based on Biot's theory of acoustics in fluid-saturated
porous media (Biot, 1956). Johnson treated the three-dimen-
sional displacements of the solid and fluid parts of gels
separately and on an equal footing, and gave generally complex
expressions for two independent longitudinal modes —— the
"fast"” and "slow" waves — and two transverse waves.

As in the model 2, two extreme cases are considered:
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high~frequency limit v>>v_ and low-frequency limit v<<v , where

\ is the crossover frequency (Johnson, 1982a; Hosea et al.,
l1986a)

v=n,/ (rpxr?) (96)

The crossover from the former extreme to the latter occurs

when the viscous skin depth,

1
do=In,/(mpv)] 2 (97)

of waves of frequency v, exceeds the average width r, of the
reticular channels through which the fluid, of shear viscosity
ng, and density p,, must flow.

In the high-frequency limit, if the networks are stiff

(K, G >> K(), two modes for longitudinal waves can be seen and

the velocities are:

M

4
. K+=6
v(fast) = 3 (s8)
bp+(1-ag”) (1-4) p,

vi{slow) = (K,/p )12 = v,/a}/? (99)
where K, and ¢ are the bulk and shear moduli of the network,
K; the fluid bulk modulus, ¢ the volume fraction of the gel
network (note: ¢ is not the fluid volume fraction as in
Johnson's paper), p, the solid density, and ¢, the tortuosity

parameter which is related to the hydrodynamic drag ‘parameter



109

A by a, = (1-1)"! with O<i<l. The total demsity, p,, Will be

pr=(1-4) pe+dp, (100)

If the networks are negligibly weak, K, = G = 0, the slow wave
is absent (it is diffusive, rather than propagating) (Johnson,

1982b), and

v3(fast) = K| 219 Pt (@g-1+4%) p, (101)
%oPr dbp,+ (2-a5") (1) p,

vhere K is the bulk modulus of the suspension (Wood, 1964),

1/K* = (1-0) /K, + &/K, (202)
and K, is the bulk medulus of the solid in its bulk form.
The unconsolidated speed in Eq. (101) is not particularly
sensitive to e, as a, varies from 1 to «». If ¢,6 + =, Eg.(101)

becomes identical to Wood's formula,

v(fast) = v, = (X*/pg)/? (103)

In the low-frequency gel limit (X, G << K, K)), the

velocity and attenuation are

4
K (1-K*/K,)2+ 26
vifast) = vo| 1 + z 3 (104)
2K*
2 nv"'i"ls
y = X9 3 % . Kgap pg2 (105)
2VoPr va Ns

respectively, where k the fluid permeability which is a
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geometrical quantity presumed to be independent of fluid

viscosity (biot, 1956), and g the hypersonic wavevector.
Since there exists the relationship between the attenu-
ation y and Brillouin width I; and loss tangent tgb,

Y= —8 = gtge (106)

v

Eg. (10£) can be rewritten as

2p.I‘a.== vig 1
tgh = +
| v;’pr as VoPr D

7 [ -4 (Ps—PA P (207)

where

b= (1-$)n,/k (108)
Comparing to model 2, it can be seen that the high
frequency limit corresponds to the small friction case of the
M-D model and the low-frequgncy limit corresponds to the
strong friction case. The two important parameters, v, and £

in the M-D model are related to the XK, G and k, 7 in the DT
model by

1/2

[(x,,+—c)/ ]
= (1-¢)%n,/k

(109)

It should be mentioned that there will be some diffi-
culties or extra uncertainties to use this model (JD mecdel) to
analyze my experimental data: (a) my experiments only offered

the information about longitudinal waves, it is impossible for
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me to split it into two parts, bulk and shear parts, to
proceed with the calculation, unless some value for the
Poisson's ratio is assumed. (b) the K, was deduced from the
Brillouin shift of the dried sample at room temperature, which
may not be the same as the bulk modulus of the solid particles
(gelatin) in suspensions. However, the real problems to use
this model is as follows.

Since there are two choices, high~frequency weak network
limit and low-frequency gel limit, which all match my experi-
mental results (one mode for longitudinal wave), the first
thing is to decide which limit I should use to analyze the
data. It can be done by comparing v with v_ to see which one
is larger. According to Johnson's paper (1982a) the typical
value of r is ~100A. I estinmated the up limits of r for
various concentrations using the formula r<(m/p))'?. The
corresponding low limits of crossover frequencies are listed
in Table 3.6, where n,=10" kg/m/s was used. These low limit
values of v_ are too small to meet the requirement of the low-

frequency gel limit.

Table 3.6 Estimated low limit values of v_

c 0.01 0.1 0.2 0.4 0.55 0.65 0.8

|| r< 237A 112 91 75 69 $6 62

«56GH2z
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As to the high-frequency weak network limit, it has its
problem when it is used to analyze my data, which will be

explained below.

At s5% , the gelatin-water system is in the sol state,
i.e. the system is a suspensién, so Eq. (102) can be used to

calculate its bulk modulus. Now ¢ is the volume fraction of

the gelatin solid particles and

pg = dp,

{110)
P: = (1-¢) Pw

where p, is the pure water density. From the measured data p,
and Pgr @ and p, can be calculated. The average value for p,

is about 1.483 g/cc.

Table 3.7 A comparison between M' and K (55°C)

c 0.1 0.2 0.3 0.4 0.5 0.6 0.7
¢ 0.062 | 0.118 | 0.168 | 0.221 | 0.252 | 0.282 | 0.304 ||
M1 /K 1.040 | 1.045 | 1.067 | 1.069 } 1.121 | 1.159 | 1.204 II

Longitudinal storage modulus for dried samples, M' , was

used to calculate K, where the Poisson's ratio,

o=(3-M/K)/ (3+M/K),

of 0.4 for many plastics was taken which led to M',= 9K /7 and

K,=1.36x10" N/m®. The values of calculated K are smaller than

that of the corresponding longitudinal modulus, and the ratio
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of M'/K  increases with concentration (Table 3.7). That is to
say, even at 55°C (in the sol state), the shear modulus is not
equal to zero. Although, the ratio of M'/K can be larger or
smallef than those values given above, depending on the value
of K, used (or the Poisson's ratio chosen), unless K is
negative, which of course makes no sense, M' is always larger
than X'. Because of this, I do not think the high-~frequency
and weak network limit is suitable for me to use except at
real low concentration.

To sum up, the high-frequency and weak network limit is
not suitable for this system, and the crossover frequency may
not be large enough to let one use the low-frecuency gel limit
in the hypersonic frequency region. Considering of this and
other uncertainties mentioned above, I will not do more

calculations.

3.4.4 Thermodynamical Behaviour

The relation between T, and ¢ has already been determined
(Fig. 3.13). Now, I can use this result and the formula (111)

derived by Eldridge and Ferry (1954) to calculate the melting
enthalpy.

dinc, = AH®

dT,  R1?

where AH’° is the melting enthalpy, the heat of reaction

(111)
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required to break a cross-link between two potential junc-

tions, R, is the gas constant, and the units of T, and
concentration ¢, are K and 3w/w, respectively. This equation

can be rewritten as (Michon, 1993)

dlnc, _ Ax!

T - Y (112)
i) Ra-3f)

where AH' is the sum of the AH° of the f'/2 chain segments
which form the junction zone and f' is the functionality (the
number of bonds that a monomer can form). For gelatin, £'=6
since the junction zones in gelatin result from the formation
of triple helices.

The logarithmic plot of concentration vs. reciprocal
melting tempera'ture is shown in Fig. 3.36. It appears almest
as a straight line except for the lowest concentration (<1%)
point, which means that the melting enthalpy is a constant in
the concentration range of 1% to 33%.

The melting enthalpy calculated from the slope of the
straight line is 684 KJ/mol, which is close to the value
reported by Michon's group (1993).

Using the same analysis as te Nijenhuis' (1981), in which
AH® of a folding process equals to 18.3 KJ/mol and 9 windings
correspond with a length of 86A, I calculated the mean number
of windings per helix in a cross-link, which turns out to be

equal to 35.4. The average length of the cross-links is 338A.
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3.5 Summary

I believe that this is the first detailed report of
Brillouin spectroscopy of gelatin gel. The new results I got
include:

—— Thermal history (cooling rate) effects the eventual
(equilibrium) state: fast cooling yvields smaller crystalline
regions, therefore, smaller sound velocity (Brillouin shift)
and attenuation (width); also, the higher the concentration,
the larger the difference (Figs. 3.8 and 3.9)

—— Concentration effects the behaviour of temperature
dependence of the sound velocity (Brillouin shift, longitudi-
nal storage modulus): sound velocity increases with increasing
temperature at low concentration, but dJecreases at high
concentration (Fig. 3.10), which gives us a hint that the
sound velocity in network should decrease with increasing
temperature.

— Sound attenuation increasés with decreasing temperature
for all the concentrations and the curves of the Brillouin
width against temperature consist of two straight segments
for dilute and intermediate concentrations (Fig. 3.11). The
low temperature part has a larger slope, which indicates there
is an extra attenuation in the gel state. As to its mechan-
ism, different model has different explanation. According to

the model 1, the cross—-section between phonon and the gelatin
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molecula in the network is larger than that between phonon and
the gelatin molecule in the solution, which cause the extra
attenuation. .Hodel 2 and 3 attribute it to the attenuation
due to the relative motion of the fluid against the network
and the friction between them.
—— Brillouin shift and width increase with increasing
concentration linearly and the linear relations break down at
concentration about 0.4. The higher the concentration, the
larger the slope. The vg,-c curves for various temperatures
below about 40°C intersect each other in the region around
0.25, but the Ty-c curves diverge (Figs. 3.16 and 3.17).

As to the models, an empirical formula for loss tangent
was obtained from model 1, which fitted the experimental data
quite well (Figs. 3.25 and 3.26); model 2 gave out a success-
ful explanation to the behaviour of storage modulus-—tempera-
ture dependence (page 100); but, there are some difficulties
to use model 3 to analyze my data.

Since models 1 and 2 are based on different assumptions
and theories, to obtain different values for M' from the
different models is not strange. It simply shows that one or
both of the mcdels are not perfect. As a comparison, I listed
the results of 1°C in Table 3.8 (row 2 and row 5). It can be
seen that the value of the M' of model 1 is much larger than
that of model 2. I can make the M' of model 2 larger by

choosing a smaller i, e.g., i=0.5 (Table 3.8, row 4). However,
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it will yield a smaller f.
The M' of model 1 will be smaller if the first term in

Eq. (54), K, is timed by a constant, g, larger than 1, i.e.

M = BK, + My(a(T) ) (213)
which I think is reasonable considering the following fact.

At 55°, a(T) = 0 and Eq. (53) turns to be

K, =K,/ [1-$(1-1)] (124)

At this temperature, M' should be equal to zero since there
is no network existing. However, the calculated K; does not
equal to M', the experimental data, — the same probklem

discussed in model 3 (Table 3.7).

Table 3.8 Network moduli at 1°C, calculated from
different models, with different parameters

——— 1}
“ c 0.01 0.1 0.2 0.4 0.55

“ model 1 0.035 |- 0.263 0.515 | 1.090 | 1.785

M' | model 1 with 8 0.180 0.409 | 0.937 | 1.491

model 2, A=0.5 | 0.001 0.019 0.063 | 0.231 | 0.506

model 2, A=1 .0004 0.010 0.035 | 0.137 | 0.317

where the unit of M' is 10° N/n?, the row "model 1" shows the
data calculated from Eqg. (54).
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If I let g equal to M'/K, (i.e. M'/K in Table 3.7), M',
will be smaller (Table 3.8, row 3). Also, the problem of
positive temperature dependence of (M' /ap)'? can be partly
solved (Fig. 3.37).

The information I obtained about this gelatin-water
system can be summarized as follows:

With the decreasing of temperature or the passage of time
in gelation process, more and more gelatin molecules are con-
nected together to form networks. However, at gel point not
all the gelatin molecules attach to the network, scme still
remain in the fluid. There exists coupling between the f£luid
and the network.

In the gel state, the storage moduli of fluid and network
both contribute to the longitudinal storacje modulus of the
system, and the former increases with temperature but the
latter decreases with temperature. Sound attenuation includes
three parts: the attenuations. in the fluid and network, and
the attenuation due to the relative motion of the f£luid
against the network. The friction coefficient is at least in
the order of 10™ Kgm3s™!, and it can be as large as 10%“Kgm3s™'.
Tanaka (1973) and Tokita {1993) measure the friction coeffi-
cient of poly(acrylamide) gels by mechanical method and found
its order-of-magnitude is from 10 to 10% Kg/m’/s depending on

the concentration.

When gelatin-water system transits from gel state to sol
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state, heat is needed to break the cross-links between two
potential junctions. The melting enthalpy was found to be 684
kJ/mol, corresponding with mono-helices of 35 windings and a
length of 338A.

As I mentioned above, in order to get more accurate
values for all the parameters of this systemr and explain all

the experimental data, a more perfect theory is need.
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Chapter 4

Icosahedral Quasicrystal Al .Cu,,Fe,,

The penetration of light into an opaque material is
determined by the conductivity of the material. In the case
of metals, where large numbers of conduction electrons shield
the metallic interior, the bulk phonons can not be detected;
however, you can see the surface mode in their Brillouin
spectra, which is due to bulk phonon-induced mechanical
perturbations or ripples on the surface of the solid. The
magnitude of the overall optical conductivity of the Al-Cu-Fe
quasicrystal in the visible range is typical of most metals,
i.e., of the order of 10000Q 'cm™'(Homes et al., 1991). Thus
only surface phonons will be observed in the Brillouin
spectrum. However, it is still possible to deduce the bulk
elastic constants as explained in Chapter 2.

A polycrystalline sample of the Al . Cu, ;Fe,,, about
3x2x0.5mn’ in size, was used in this experiment. The sample

was mechanically polished to reduce its diffuse scattering



123

‘1A' 3o uoyaysod 8yz ® modwcﬁ eajoads yjoq ufy
guozay ‘eanjezedue; woox e (wozjoq) dlea’npf v euyireisiaoirod
pue (do3) wnujunye eurTredsiaoitod jo eagoeds UTNOTTFIH T°V ‘b1a

(zHD) ZONINDIYS

ov o€ 0c 01

. ﬂ o

l

~N

54-NJ—-1V

v

SINNOD



124
intensity. For comparison, a polycrystalline sample of Al was
also examined.

A sinmilar experimental system as described in Chapter 3
was used in this experiment. The tandem FP was used in a
five-pass configuration to increase the resolution. Back-
scattering geometry was employed with an incident angle of
75°.

The Brillouin spectra at room temperature are shown in
Fig. 4.1l. They have the same characteristics as described in
Chapter 1: a prominent Rayleigh surface phonon (~10%2 counts)
and a broad shoulder with a minimum on it. Arrows in the
spectra indicate the minimum positions of q.v,/27. The elastic
peaks at 0 frequency are of the order of 10° counts and have
been scaled to the level of the Rayleigh surface mode phonon.

The surface wavevector g, can be calculated using the
formula (4). The experimental results are given in Table 4.1,

where I, is FWHM of the Rayleigh surface phonon peak.

Table 4.1 Experimental results

v, (GHZ) T, (MHZ) qyv, /27 (GHzZ)
“ Al 10.62 188 24
AlCuFe 13.25 93 27

From those data, the velocities of surface, longitudinal
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and transverse waves, Vv,, Vv, and v, can be evaluated by using

formula (7). The results are given in Table 4.2.

Table 4.2 Velocities of surface,
longitudinal and transverse waves

The two independent elastic constants c,, and ¢, can be
calculated by c,.=pv,% and c,=pv;® (Farnell, 1978) with p, oy =
4.5g/Cm. Poisson's ratio o, which characterizes the elastic

properties of the isotropic mediur, is given by (Loudon, 1978)

vi/v: = (1~20)/2(1-0) (115)
It turns out c,=2.3x10' dyn/cm’ and c,=0.65x10' dyn/cm® for
AlCuFe. These values are approximately twice those of the
corresponding constant of aiuminum. o (AlCuFe)=0.305 and
o(Al)=0.356, i.e. Alg .Cu, .Fe,, is more rigid than Al.

As to the attenuation of Rayleigh waves, two dominant
responsible mechanisms are the attenuations by mass defects
(Steg et al., 1970; Wallis et al., 1979) and by surface
roughness (Maradudin et al., 1975 and 1976). In typical
situations, however, it seems likely that the latter will be

more significant than the former in determining the attenu-
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ation length (Wallis et al., 1979).

Maradudin and Mills discussed the attenuation of Rayleigh
surface waves by surface roughness and gave an expression for
the inverse mean free path of a phonon, 1,”', in a Gaussian

model of small surface roughness,

{ £(0) £(2)) = 8 exp (~x;/a?) (116)
In their calculation, the surface is in the x,x,-plane. The
height of a point on the surface above X x,-plane is f£(x,,%).
xl=m) and SL—<f(x1,x,_) %». a is the transverse correla-
tion length that providés a rough measure of the mean separ-

ation of adjacent peaks or adjacent valleys. The mean-free

path deduced is given by

1* = (8a/m)2(gy) SFlagy) (117)

where F(aq;) is also a function of v, v; and v,. In the long

wavelength limit, aq, << 1,

-2, =1
2 N 2 vi 2 V2 (118)
Flag,) =X (Y ] —-—— 1—_‘:1_.. 1 =L
R\ v, 2 2 vi vil|2 v2) 32
where R is a function of v,, v, and v, too.
Since F(aq;) has almost the same value for Al and AlCuFe,
leaving only aé§ as a variable, the difference in attenuation

of the Rayleigh; phonon in Al and AlCuFe can be plausibly

explained by a difference in surface roughness.



127

Appendix 1

Coupling of Acoustical Systems

Many problems of practical interest involve the interac-
tion between two or more wave-carrying systems, coupled
together so strongly that the motion of each is noticeably
affected by the other. The simplest example of coupled wave
motion is that of two copenetrating media which couple
together at every point in sﬁace, e.g. a porous solid coupling
to the aixr (or water) in its pores.

The solid portion can be considered as an interlocking
mesh, and for waves considerably longer than pore size, it can
be considered as an elastic medium of mean density p, and
volume compressibility x.. The fluid alsc has an effective
density p, which may not be equal to its density in free
space, and an effective bulk modulus K¢. These two parts may
have different displacements from equilibrium and different

velocities.

It should be noted that compressional force can be
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applied to the two parts independently. For example, pressure
can be applied to the air to change its density without
appreciably changing the density of the solid fibres. Also,
force can be applied to the fibre network which will compress
the net without appreciably affecting the interspersed air
(Morse, P. M. et al., 1986).

In Biot's paper (1956) where a volume of the solid-fluid
system represented by a cube of unit size was considered, the
stress tensor separated into two parts:

(1) the force acting on the solid part of each face of the
cube, which is denoted as

ox tz ¥

L Oy x

Tx

o]

(119)

Ty

&

H

(2) the force acting on the fluid part of each face of the
cube, which is represented by
hoo
0OhoO {120)
00hA

The corresponding strain tensor in the solid is denoted

as
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e, Y./2 ¥,/2
Y/2 e, Y./2 (121)
yylz ¥./2 e,
with
e,=0s./dx, etc., (122)
Y.=0s,/dy+ds,/dx, etc., {123)

where s, s,, and s, are the components of the displacement

vector of the solid. 2and the strain tensor in the fluid is

defined by

.35, 35, 8,
"8x oy oz

(124)

where S., Sy, and S, are the components of the average fluid
displacements.

The major part of the coupling between the two parts will
come in the frictional force arising when the velocities of
the solid net and the entrappe& air are not equal. Morse gave
out an expression of the linearized hydrodynamics equations
for solid-air system, in which the continuity equations of the
two portions are separate, but the egquations of motion are

coupled by the flow resistance & (1986):
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P _ Ps . vz 125
K‘a—t_ u, :s—a-t—— Vus ( )
P °d, =-Vp,+® (i,~T,) (126)

a at a
_a;... =Vp,+® (4,-4,) (127)

®dt s

where p, and p, the compcnents of the pressure applied to the
air and to the solid respectively, x's are the compressibilit-
ies, u's the velocities, ¢ the flow resistance, and the
subscript "a" and "s" mean "air" and "solid".

If no air is present, p, is zero, ;a equals Gs, and the
solid network will transmit compressiocnal waves with a wave

velocity

v,=/I7P X, (128)
If the density and compressibility of the fibre structure were

equal to that of the air, -t;s again would equal u,, and the wave

velocity would be equal to that of air,

vayT7PR (129
For intermediate cases the coupling will modify the wave

velocity of both parts of the system. It is not hard to find

that the wave vector gq is given by

q2=%02 (a2+a?) t— [0f (a2-a2)2-4 w2k x §2)1/2 (130)

where
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. x,Q
a? = x,p, + I :)
(131)
. %, ‘
at=xp, +1 =

if we consider the one-dimensional plane-wave solutions

WK
p. - p.aei(mc,’ u‘ = 2 2
q (132)
K
Fb:{R”eIMrom' u, = quh
for simplicity.
2 27,2
When | v2-v 3 >>48%/0p,,
.x OP o2 1
g2 () 2419 —2+ (133)
Vs V§ PsPa vf—vﬁ
or
.x QP P2 1
“(L)2+ip—2+ (134)
V. V2 PPavE-v
indicating two possible waves, with two velocities
2 vi
Vv, (1 ) (135)
20%p,p; vi-vs
or
2 vz
vy, (14— s (136)

20%p,p, vi-vi

Above is just a simple example which tells us that there

will be as many different kinds of waves as there are differ-
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ent systems interacting.

Biot proposed a phenomenoclogical theory of elastic and
viscous behaviour in porous, macroscopically homogeneous, and
isotropic, elastic media saturated with'a compreésible viscous
fluid (Biot, 1956; Biot et al., 1957; Biot, 1962a; 1962b).
Because the motion of the solid and fluid parts are followed
separately and on equal footing, this theory represents the
most general "effective medium" theory possible for two-
component solid-fluid systems (Chandler, et al., 1981). The
consequences of this theory is that there is always a fast and
a slow compressional wave (the latter is diffusive at low
frequencies) but only one shear wave because the fluid does
not support a shear.

Gels are porous solids (Silverberyg, 1989). Since a gel
consists a cross-linked network immersed in a fluid, coupled
equations should be used to describe the motion of the sclvent
molecules and the polymer network (Peters et al., 1989).
Several persons presented their hydrodynamics equations for
the gel system, e.g. Tanaka, T. et al. (1973), Bacri, J. C. et
al. (1978), Marquess, J. A. et al. (1981), Johnson, D. L.
(1982), Peters, A. et al. (1989), Shibayama, M. et al. (1993),
and Onuki, A. (1993). In the following I will list two of

them.

The linearized hydrodynamics equation adopted by Marqusee

and Deutch are as follows:
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35 , |
az’*Pﬁ"'”=° (137)
33 _
agf“.pgv.U:o | (138,
PAIT=GVS+ (K,*G/3) V(V-3) +BV(V-5) £ (3-) (139)

03902V p+n, 2T
+(n,+n,/3) V(V-) +BV(V-5) —£(T-0)

{(140)

In these expressions, the first two are the continuity
equations for the fluid and the network respectively, where _t;
and ; are the velocities of the fluid and the network. The
other two are the equations of motion, where E and ; are
displacements of the fluid and the network respectively, B
describes the coupling effect. The first two terms on the
right-hand side of Eq. (139) is the elastic force, the last
term denotes the frictional damping on the elastic network
resulting from the fluid moving relative to the network, and
the next to the last term contains the coupling effect of
elastic waves in this two-phase systen.

Based on Biot's theory about porous-fluid systems,
Johnson proposed a more general set of linear dynamic equa-
tions for gel systems taking into account a mass coupling in
the inertia terms. Johnson claimed that the inertia terms

should in principle be replaced by
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Pragpt*Piaggl = Pyput (a-1) p3F (u-0) ()
Parap UrPramel = PE-EU* (a-1) p3-2 (T-0) (242)

where p;. are elements of a mass density matrix which take into

account the fact that the relative fluid flow through the

pores is not uniform, and a a purely geometrical constant

larger than 1. General arguments show

Pyg + Py = Pgor Pp * P2 = pfol and p,, = =(a-1) Pfo'
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Appendix 2

Light scattering from
Hydrodynamic Modes

The spectrum of scattered light is proportional to

(g, ) =f_’_"dt e~10t¢3e* (F,0) 8e (F, £) > (143)

where §e (&,t) is the Fourier transform of the space and time

dependent fluctuating dielectric constant &e(xr,t):
3e(g, t) =[d? ei®73e (2, t) (244)

The angular brackets (correlation functions) denote an average
over the equilibrium fluctuations.

In general, we can assume that the system is in local
equilibrium and that the dielectric fluctuations may be
expressed in terms of linear deviations of a pertinent subset

—
of the thermodynamic variables {J¥;(q,t)} from equilibrium:
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- de -
& &)= -—)3 . L 145
e(g )2})(%) ¥,(3, &) (145)

where ¥ j €an be density p, temperature T, entropy s, pressure
P, etc. and the dielectric constant derivatives are evaluated

at equilibrium. Thus, the spectrum

- de Jde
I{g, )o: (_.. (..-__)
(q, 0 ;,1: v, 3%,

x f:dt e~i%tc3y3(g, 0) 3y, (g, t) >

(146)

The time dependence of the fluctuations can be computed from
appropriate linearized hydrodynamic equations.

The calculation of correlation functions is a tedious
work. Here I just show the main steps using the linearized
hydrodynamic equations for a pure monatomic fluid as an

example.

The equations given by Berne and Pecora (1976) is as

follows:
dp
B& " PokL =0
op \£; 2
-6_1:1 + —p—-V’pl + aveVeT, - D,V¥p, = 0 (147)
[}

9T, _ (y-1) 9: _ _
3t ap, Ot YDV'T, = ©

where pu, D, and D; are defined as
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Bo=Vey D,=(n v*'%fls) /mpg: Dp=A/mpyc; (148)

and the subscripts 1 denote the fluctuations of the correspon-
ding quantities around their own equilibrium values, e.g. |
p, m &p (;,t) . p, 1s the equilibrium density, v, the isothermal
sound speed, & the thermal expansion coefficient, S, the
specific heat at constant p and y the specific heat ratio.
The easiest way to solve these equations is using

Fourier-Laplace analysis. By the Fourier-Laplace (ie=s)

transforms of the fluctuations,

= = 3 .ia-! = oL
P, (g, s) fodte“fdre p, (%, £) fodte’ p, (T, &)
etc. Eq. (147) can be expressed in matrix form as
s Po 0 p.(&.s)
-02(q) /Yp, (s+D,g%) -aw?(@)/y || #.(F 9] =
-(y-1) s/ap, 0 (s+yDg?) || T1(G.s)
. (150)
1 0 o || P.(Es £=0)
0 1 1| B, (g t=0)
-(y-1)/ep, 0 O [{| T,(&, t=0)

where o(g)=vg and v is the adiabatic sound speed.
This matrix equation can be written in the more concise
form
- - -
M(q, s)+¢,(q, s) = N(q)-¢,(g,t=0) {151)

where there is a one-to-one correspondence, reading left to
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right, between the four matrices in Eqgs. (150) and (151).
Its solution is
¥:(3,8) = X' (q,s) N(qQ)" ¥ (q,t=0) (152)
¥'(g,s) is the reciprocal of M(g,s) and it can be expressed
formally as
¥'(q, s) = A(q,s)/l M(q, s)! (153)
where A(qg,s) is a matrix which can be calculated from M{g, s),
and | ¥(q,s)! the determinant of M(q,s). Thus the solution can
be expressed as
¥, (2,8) = B(q,s)-¥,(3,t=0)/l ¥(q, s)! (154)
where B(q,s) = A(q,s)-N(q)

But, for light scattering what we require are the
correlation functions <tu'(a,t=0)tu(a,t)>, which now can be
found if we calculate their corresponding Laplace transforms
first:
<¥,;" (2, £=0) ¥, (q,5)>

=<¢u'(a,t=0)Bu(q,s)ti(E,t=0)>/|H(q,s)l (155)
then transform them back by doing inverse Laplace transforms.

In the above example, the results are greatly simplified

because in the limit ¢g-0:

(p1(3.0)73(g,0)) = 0
(P2(d. 0, (3, 0))

(T3 (3, 0)p, (&, 0))

o (156)

0

It can be seen from Eg. (155) that the behaviour of the
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spectrum will be governed by the roots of the determinant of
the hydrodynamic matrix M(g,s). Indeed, if we are only
ihterested in the position and the width of the Brillouin
peaks, We just need solve the dispersion egquation

| M(q,s=ia)l = 0 {157)

In the above example, the three roots are

W, = iD.g?
° d (158)
o, = zv,g + il'g?
where
Tx %[(7—1)D,.+DV] (159)

is the classical attenuation coefficient of scund. These

three roots describe one central peak and a Brillouin doublet.
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