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ABSTRACT

CHARACTERIZATIONOF ACRYLIC BASEDLATEX BLEND
COATINGSANDTHERMODYNAMICSOF THEIR DEFORMATION

SEPTEMBER1998

NAVEENAGARWAL,B. Tech., LLT. (DELHI)

M. S., GEORGIAINSTITUTE OF TECHNOLOGY
Ph. D., UNIVERSITY OF MASSACHUSETTSAMHERST

Directed by: PROFESSORR. J. FARRIS

Co-chair: Professor D. A. Hoagland

A complete characterization of the mechanical, thermal and physical properties of

acrylic-based latex blends films and a thermodynamic analysis of their deformation

is presented in this study. These blends are composed of a glassy poly(methyl

methacrylate-co-ethyl acrylate) (Tg =45 °C ), and a rubbery poly(methyl

methacrylate-co-butyl acrylate) (Tg = -5 °C ). Blend films are prepared, in

different proportions of the two copolymers, by drying at temperatures high enough

to ensure complete coalescence of the latex particles.

Thermo-mechanical characterization provides evidence for the phase separation

of the blend components by the existence of two distinct glass transitions. Effective

blend moduli and Poisson's ratios exhibit sigmodial shaped profiles with composition,

indicating the transformation of a continuous rubbery phase, with dispersions of
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the glassy phase, to a continuous glassy phase, with dispersions of a rubbery

phase. Although not precisely measured, a range of 30-40% hard phase in the

blend is identified as the interval of this transformation, bridged by a co-continuous

morphology.

A large amount of water is absorbed by these blends, which turns them white

and opaque from their transparent dry state. The impact on mechanical properties

is relatively minor as absorbed water is located in separate domains. Redrying at

-70 °C preserves this whiteness, while redrying at elevated temperatures returns the

blends to their original transparency. A qualitative model associates the absorbed

water molecules with phase separated domains of residual surfactant within the dry

films.

Deformation calorimetry of these blends measures the work, heat and change in

internal energy of isothermal deformation. An optimal combination of stiffness and

extensibility maximizes the blend toughness by a synergistic distribution of energy

between the two phases in their respective energy absorbing and energy dissipating

mechanisms. The work of deformation increases at higher strain rates but the change

in internal energy over fixed extensions remains constant. The additional work,

consequently, is dissipated as heat by rate-dependent viscous effects.

In summary, these blends provide an excellent model system to study the energy

balance of deformation of two phase systems. The results highlight the need of a shift

in focus when designing blends for optimum toughness and stiffness, by providing for

a simultaneous maximization of energy dissipation and absorption.
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CHAPTER1

INTRODUCTION

1.1 Motivation and Research Objectives

Stricter environmental regulations have forced the paints and coatings industry

to limit the emission of organic volatiles from their products during manufacturing,

processing and end-use. Consequently, there is a significant focus, among the

researchers in academia and the industry, on developing water-based polymer

coatings with zero volatile organic content (VOC). Among the areas investigated

intensely are the mechanism of film formation from latices, coalescence of polymer

particles leading to interdiffusion across particle boundaries, film-forming ability of

different materials, mechanical and viscoelastic properties and blend morphology.

The primary objective of this research is to understand the nature of deformation

of phase separated polymer blends from the perspective of an overall energy balance

of their deformation. Since the total energy in any process, whether reversible

or irreversible, is conserved, the change in the internal energy of a material upon

mechanical deformation can be estimated by measuring the work that is done on it,

1



and the heat that it exchanges with its surroundings. Changes in the internal energy

are pointers to the changes in the nature of the material in response to deformation;

strain-induced crystallization of elastomers is a typical example.

In particular, the focus in this research is on the following :

1. Characterization of mechanical, physical and thermal properties.

2. Partition of energy between the two phases of the blend.

3. Modes of energy absorption and dissipation.

4. Optimization of blend toughness at a given level of stiffness.

A quantitative description of the work of deformation, and its distribution

among the various phases of the blend, is relevant from a technological point of

view in the light of a rapidly growing demand for impact-modified thermoplastics.

Typically, a rubber phase is incorporated into a glassy matrix to increase its energy

absorption capability at the cost of sacrificing a fraction of its stiffness. The issue

of optimization of such blend systems is usually addressed in terms of the size and

concentration of rubber particles, interfacial adhesion between the phases, mismatch

in their thermo-mechanical properties, etc. A combination of often interacting and

complex mechanisms such as multiple crazing, shear yielding and cavitation of rubber

particles provides the increased toughness to such materials. Most theories of rubber

toughening are phenomenological in nature and lack the power of prediction for

energy of deformation over a broad range of materials. It is expected that accurate

measurements of the distribution of energy between phases and their respective

energy absorption and dissipation mechanisms may lead to the development of

semi-empirical models of toughening. Careful selection of blend constituents, to
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obtain the dominance (or even absence) of a particular mechanism over others, may

be a first step towards developing these models.

The present research provides such a first step. Little, if any, data is available

in the literature regarding the deformation thermodynamics of two phase systems.

There is, in general, a good understanding of the energy of deformation, and its

distribution between heat and internal energy, for elastomers, amorphous and

semi-crystalline polymers. Several studies, from this laboratory as well as others,

have provided invaluable information about the energy of deformation by direct

measurements of heat and work for one phase systems. A natural extension to two

phase systems, especially those comprising of rubbery and glassy phases, is the main

motivating factor for the current research.

Unfortunately, the issue of interfacial phenomena, although certainly one of

great importance, is not addressed by this research. The operation of the stretch

calorimeter is based on measurement of gas pressure of a sample chamber, resulting

from generation (or absorption) of heat during deformation, relative to an identical

reference chamber. Since interfacial phenomena are necessarily associated with

creation of new surfaces, and large increases in sample volume, additional changes in

the gas pressure inside the sample chamber are observed. It is usually not possible

to separate these effects from purely thermal effects of the mechanical deformation.

The present study, therefore, is limited to a system where such effects are minimized

due to a small gap in the Tg of the blend components.
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1.2 Overview of the Dissertation

Chapter 2 presents a comprehensive characterization of the tensile and dynamic

mechanical properties of the acrylic blends. Among the properties measured are the

effective tensile and bulk moduli, Poisson's ratios, tenacity, energy to break, storage

moduli, loss moduli and loss tangent as a function of blend composition expressed

as the volume fraction of the hard phase. The measured values of tensile moduli

and Poisson's ratios are compared with those predicted by composite theories. A

percolation theory provides the framework for interpretation of the data in terms of

phase morphology. Direct microscopic examinations of the fracture surfaces provide

further evidence for the conclusions reached based on theoretical and experimental

blend moduli.

A complete thermal characterization is presented in Chapter 3 on page 46.

Modulated Differential Scanning Calorimetry (MDSC) is used to measure the heat

flow with increased sensitivity and resolution. Evidence for the phase separation

of the blends, despite their transparent state, is provided by the presence of two

distinct glass transitions. A normalized specific heat analysis is used to qualitatively

describe interfacial phase mixing. Also presented is a new pulsed-DSC technique

based on a moment analysis that provides time-independent equilibrium specific heat

of the material, as well as, a frequency dependent specific heat in a single pulsed

experiment. The main advantage of this method is that there is no restriction on the

shape of the input perturbation. The only constraint is that both the input and the

output must return to their initial unperturbed state at the end of the experiment; a

requirement of the linear hereditary equations. Equilibrium specific heats for various

materials calculated by this method are up to 10-15% lower than those reported in

the literature. A sequence of temperature pulses at different temperatures accurately



provides the complete specific heat profile for the blend films. Frequency-dependent

specific heat values of several materials indicate the dominance of thermal lags in

the instrument; the out of phase specific heat, therefore, cannot be solely ascribed to

the molecular relaxations arising from thermal fluctuations.

The eflFect of moisture absorption on the mechanical and physical properties for

these blend films is the focus of attention in Chapter 4. An independent study, done

earlier, on the properties of Bombyx mori silk fibroin provides a background for

comparison. Unlike silk, where the absorbed moisture causes significant reduction

in the glass transition temperature by plasticization, the interaction of water with

acrylic blends of this study is quite minimal. Despite large amounts of water uptake,

and the subsequent loss of transparency, these films retain water in large independent

domains. A qualitative model ascribes the creation, and growth, of these water

domains to the presence of residual surfactant in the sample.

Results of deformation calorimetry experiments on blend films are presented

in Chapter 5 on page 149. Following the work of R. E. Lyon (Ph.D. 1985),

G. W. Adams (Ph.D. 1987) and J. L. Goldfarb (Ph.D. 1993), an improved version of

the original stretch calorimeter is used to measure work, heat and change in internal

energy of isothermal, uniaxial deformation of the blend films. Calibrations with

resistive heating and natural rubber provide a relation between heat and the area

under diflterential pressure-time curve. The work of deformation, on the other hand,

is obtained from the area under the force-displacement curve. Application of the

first law of thermodynamics, then, provides the changes in internal energy of the

material. Stretch calorimetry experiments are conducted at 25 °C , a temperature

between the Tg of the blend components, as well as at 60 °C which is above the two

Tg values.



Chapter 6 (page 192) presents the influence of strain rate of deformation on the

work, heat and internal energy for these blends. Again, experiments are conducted at

25 °C and 60 °C at strain rates varying between 0.9-11.5 min'. Data from additional

experiments on natural rubber band and high density poly(ethylene) (HDPE) provide

a suitable framework for comparison.

Finally, a summary of conclusions is presented in Chapter 7 on page 215.

Recommendations for future work in this area are also included. Attached, thereafter,

are the computer codes written for calculation of composition dependent effective

moduli for blends from composite theories, and analysis of stretch calorimetry data.
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CHAPTER2

MECHANICALPROPERTIES

2.1 Abstract

A complete characterization of the mechanical properties of acrylic-based latex

blend coatings comprised of hard (Tg = 45 °C ) and soft (Tg = -5 °C )
phases is

presented. Thin film samples of these blends are characterized by a variety of

techniques including tensile testing, dynamic mechanical testing, pressure-volume-

temperature, high pressure gas dilatometry and scanning electron microscopy.

Although clear and transparent in appearance, these blends remain phase separated

through the entire range of compositions as indicated by the presence of two distinct

peaks in their dynamic mechanical spectrum. Blends with less than 50% hard

phase (soft blends) show a typical rubber-like behavior with large elongations to

break and low stiffness, whereas blends with more than 50% hard phase (hard

blends) exhibit a progressively glassy behavior. The values of effective Young's

moduli and Poisson's ratios lie within the bounds calculated from Hashin-Shtrikman

models, and exhibit a sigmoidal shaped profile as a function of composition, in close

7
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agreement with the solutions of the Hill-Budiansky equations. These results, along

with interpretations based on a percolation theory, indicate that a ph

to a continuous hard matrix from the soft one occurs around 30-40% hard ph

content, a conclusion further supported by Scanning Electron Micrographs (SEM) of

the fracture surfaces.

Key words : Latex blend coatings; effective composite moduli; percolation

theory; mechanical properties; composite theory.

2.2 Introduction

Water-borne coating systems have been the focus of significant research in recent

years, which continues to be driven by tighter environmental regulations. Aqueous

based dispersions of polymeric latices provide a viable alternative to organic solvent

based coatings by reducing the volatile organic content (VOC) of the final product.

Major research areas in this field include studying the coalescence of particles during

film formation [1, 2, 3, 4], film-forming abifity of diff'erent polymeric latices [5],

interdiflfusion of polymer segments during particle coalescence [6] and mechanical

and viscoelastic properties of latex coatings [5, 7, 8]. A good collection of articles

covering these areas of research interests is presented in reference [9].

It is now widely accepted that polymer segmental interdiflfusion across the

particle boundaries in latex-based coatings is essential for development of their

ultimate properties. Coatings with partially coalesced particles exhibit brittle

behavior with low tenacity and toughness [10] unlike that of the constituent bulk

polymer. Upon annealing or hot pressing [7] at temperatures significantly higher than

the Minimum Film Formation Temperature (MFFT), the latex particles undergo a

8



secondary coalescence during which they develop a significant interdiffusion of chain

segments across the particle interface. In general, there is a compromise between the

film-forming ability (governed by the Tg ) and the ultimate mechanical properties [5].

Use of a core/shell latex, with a rigid core and soft shell, or blending of hard and soft

latices usually provides a suitable combination of film forming ability and mechanical

properties.

The objective of this work is to further supplement the general understanding of

this field by providing a very comprehensive study of the mechanical properties of

hard/soft latex blends. In particular, the effective blend moduli and Poisson's ratios

are measured over a complete range of blend composition (based on the volume

fraction of the hard phase), and compared with the predictions of models based on

composite theory. The results are interpreted in terms of a percolation threshold,

which indicates a rubber to glass transformation from a soft continuous matrix with

dispersions of the hard phase to a hard continuous phase, with a co-continuous phase

morphology at intermediate compositions. These conclusions are further supported

by a direct examination of the fracture surfaces by SEM.

2.3 Background

2.3.1 Characterization of Isotropic Materials

The stress-strain behavior of a material is described by constitutive relations of

which the equation of linear elasticity is the simplest and most common:
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(^ij —CijkiCki
^2.1)

where (7^^, cu and djki are tensors representing stress, strain and the elastic

constants for the material. It is necessary to determine these constants for a

complete description of the strains from measured stresses, or vice-versa, arising in

the material in response to any imposed deformation.

Rules of symmetry between the stress and strain tensors reduce the required

number of constants to 36. These are further reduced if the material possesses any

axes of symmetry, and for the case of an isotropic material, only two independent

constants are needed. A simplified version of Equation 2.1 is then derived as:

aij - 2fie,j + XckkSij (2.2)

where is the kronecker delta and ekk is the trace of the strain tensor. A and
fj,

are the two independent elastic constants which can be related to the better known

constants such as the Young's modulus, E, and Poisson's ratio, i/, by :

In this work, Young's modulus is measured by uniaxial tensile testing and

Poisson's ratio by high pressure gas dilatometry. If both the bulk and Young's

moduli are known, the Poisson's ratio can also be estimated by:

10



3/1 - E
6A' (2.5)

where K is the bulk modulus, which is determined from isothermal bulk compress-

ibility data.

2.3.2 Effective Moduli of Particulate Filled Composites

The problem of calculating an effective shear or bulk modulus for an isotropic

composite system, based on the pure isotropic component properties, reduces to

estimating the average stress (or strain) in the particulate inclusion. In this regard,

Eshelby [11] first provided a critical result that the state of deformation in an

ellipsoidal inclusion embedded in an infinite medium is homogeneous when the

medium is subjected to a stress (or strain) field at large distances from the inclusion.

Christensen [12] has derived the following simple expressions for the composite shear

and bulk moduli :

- (pt (2.6)

K - K < e >
7^-7^ = <!i.^ (2.7)

where fi and K are the shear and bulk moduli for the composite,
(f>

is the volume

fraction, < c > is the average shear strain, < e > is the average dilatational strain,

and subscripts m and i refer to the matrix and the inclusion respectively. It is quite

straightforward to derive analytical expressions for both /i and A' by imposing a

11



uniform shear or pressure on the composite and solving for the resulting homogeneous

strain in the inclusion.

The difficulty of the problem lies in finding a solution to the non-dilute case.

Hashin [13] first proposed a composite spheres model to address this issue, which

treated each included particle as a sphere of radius a embedded in a matrix of radius

6 such that the ratio a/6 is constant for each particle regardless of its absolute size.

This model enables the derivation of lower and upper bounds for the two phase

composite [14].

For the highest lower bound (HLB):

^ ~ -fim)^ W<m+ )(/)^] / [5/i^ (3 A'^ + i/Im)]
^^'^^

A' = Km+ (2 9)

and for the lowest upper bound (LUB):

(f>m

^ " ^ l/ilJm - + [6( a;- + 2//,)</>.]/[5//.(3A;- + 4//,)]
^^'^^^

^ J C2 1 1 ^

1/(A'^-A;) + 3</>./[3A',+4^,] ^ • ^

Christensen [12] proposed a three phase model which involved replacing all

but one of the composite spheres of Hashin's model by a homogeneous medium of

effective properties. The effective bulk modulus is the same as that for the composite

12



sphere model, while the shear modulus is derived as a quadratic equation in terms of

the shear moduli of the inclusion and the matrix, and their poisson's ratios.

A self-consistent scheme was used by Hill [15] and Budiansky [16] to derive a set

of coupled equations for the effective shear and bulk moduli:

(2.12)

K Kr^^y Km) K-Va{K,-K) (2.13)

where

a = WTaH (2-14)

6{K + 2f,)

^ =
5(3A' + V) (2-15)

These equations are numerically solved to yield the values of effective shear and bulk

moduli for the composite.

Farber [17] and Farris developed a model based on the mathematical similarity

between viscosity of particulate suspensions in a viscous medium and filled elastic

solids. Starting from the shear and bulk modulus of a "dilute" composite, their

analysis relied upon estimating the rate of change of these properties upon an

infinitesimal increase in the filler concentration:

dfi_ ^ -15//(1 -
^2 16)

d(f)i [7 - 5i/ + 2(4 - {l-<t>^)
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d4>^ [l + (/r.-A')/(/r + 4/x/3)](l-(/>0 ^^'^^^

where z/ = {3K - 2/i)/(6/^ + 2/^). These coupled differential equations can be

numerically solved using the following initial and boundary conditions:

4>i = 0,fl= flm.K = Km (2.18)

4>i = l,H = ^l^,K = Ki (2.19)

Other notable contributions in this field have been made by Kerner [18], Van der

Poel [19], Halpin-Tsai [20], Nielsen [21, 22], McLaughhn [23] and Anderson [24].

2.4 Experimental

2.4.1 Samples

Methylmethacry late-based copolymer latices were synthesized by Dr. G. D. An-

drews of the DuPont company. The first latex was poly(methyl methacrylate-co-

ethyl acrylate), P(MMA-co-EA), with a Tg of 45 °C , and the second poly(methyl

methacrylate-co-butyl acrylate), P(MMA-co-BA) with a Tg of -5 °C . The co-

monomer molar ratios in the two latices were 3:2 and 2:3 respectively, and these were

stabilized by 0.35% and 0.17% (on molar basis) ammonium lauryl sulfate (ALS).

Particle sizes of these latices, as measured by dynamic light scattering, were of the

order of 100 nm. Unless mentioned otherwise, these two copolymers will be referred

to as "hard" and "soft" in the subsequent description.
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Blend films of the two copolymers were cast from the aqueous dispersions on a

glass plate, dried at 70 °C for 3-4 hours and annealed at 130 °C for 20 minutes. Fil

were easily removed from the glass plates with the aid of water. Time of exposu

to water was minimized so as to limit the amount of absorbed water, and the excess

water was wiped off from the surface with Kimwipes ®. The films were later left to

dry at room conditions. The composition of the blends was varied from 0 % hard to

100 %hard to obtain a complete set.

It was further necessary to hot-press these samples at 130 °C to get uni-

formly thick films for mechanical testing. The resulting thickness ranged between

100 to 200 ^m. The films were subsequently annealed for a week at 50 °C to remove

any thermal history. All of the blend films were clear and transparent although

the hardness and dimensional stability varied from with the concentration of the

hard phase. The soft blends (20% or lower hard phase) were extremely tacky and

it was necessary to apply a thin coat of talcum powder to prevent adhesion to work

surfaces. ASTMD638 (Type V) dog-bone shaped samples were cut out of these films

for subsequent testing.

2.4.2 Techniques

Tensile Testing

TM
Tensile testing was carried out using an Instron model 5564 at room temper-

ature. The data was collected and analyzed using the Merlin Series IX software.

Samples were stretched with a crosshead speed of 8.58 mm/min corresponding to a

strain rate of 0.9/min for a gauge length of 9.53 mm. An optical extensometer was

used to measure the displacement in the first 1% strain of the sample for accurate

15
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estimation of tl,e Young's moduli. Tenacity, elongation to break and energy to break

were also obtained in the same experiment.

Dynamic Mechanical Testing

Dynamic mechanical experiments using a DMTAMarklV from Rheometric

Scientific Inc., were carried out in tension mode at 1 Hz with a heating rate of

2 °C /min. Samples were typically 15 mmlong, 2-3 mmwide and 0.1-0.3 mmthick.

Small tabs cut out of a thin aluminum shim were glued to the ends of the samples

with epoxy to minimize their deformation inside the grips. An initial static force of

1-2 N was applied at -50 °C and programmed to decrease as the samples softened

upon heating by maintaining the ratio of static to dynamic force constant at l.I. The

amplitude of strain oscillation was maintained at 0.05%. All of the samples showed

a increase in length of the order of 10-15% due to creep at temperatures above glass

transition.

Pressure- Volume-Temperature(PVT)

A PVT apparatus from Gnomix Research Inc. was used to measure the

isothermal volume change with pressure. This instrument measures the specific

volume of solid and molten samples for temperatures ranging between 30-400 °C and

pressures between 0.1-200 MPa. The sample (1-2 g) is enclosed in a piezometer cell

filled with mercury, one end of which is attached to a flexible metal bellows. The

deflection of the bellows in response to the applied pressure or temperature is related

to the change in the specific volume of the sample, which can be measured to a

sensitivity of approximately 10"^ cm^/g.
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At constant temperature, the slope of the pressure-volume curve is equal to the

bulk compressibility, of the material:

Vo\dPj^ (2.20)

The bulk modulus, K, is the inverse of k. The density of the blends was measured

in silicon oil by a buoyancy technique for estimation of the specific volumes at room

temperature.

High Pressure Gas Dilatometry

A high pressure gas dilatometer from Farris Instruments was used to measure

the change in stress with pressure. For a thin ribbon sample, the slope of the

stress-pressure curve at constant strain is related to the Poisson's ratio [25]:

da
.

dP ='-^^ (2-21)

where a = ai - P. The instrument was first tested with a rubber band to yield a

Poisson's ratio of 0.4987.

Scanning Electron Microscopy(SEM)

The fracture surfaces of the samples tested to failure in Instron (model 5564)

were examined by a JEOL model 35CF scanning electron microscope. The samples

were coated with a thin layer of gold using a Polaron Instruments sputter coater.

Magnification was restricted to X5400 since higher magnification with the 20 keV

electron beam caused extensive damage of the material.
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2.5 Results and Discussion

2.5.1 Stress-Strain Curves

The stress-strain curves for hard blends (with 50% or more of the hard phase)

and the soft blends (with less than 50% of the hard phase) obtained using an Instron

at a strain rate of 0.9/min are presented in Figure 2.1 on page 19. The soft blends are

rubber-like and stretch to large ultimate strains; the pure soft phase does not break

even at 2500%. The hard blends, on the other hand, show distinct yield points and

stretch to lower strains. Although a yield point is seen for blends with 50% and 60%

hard content, there is no neck formation. Blends with 80% hard phase, and the pure

hard phase, form stable necks that grow beyond their respective yield points. The

hard blends show extensive stress- whitening that disappears on heating above 50 °C .

The soft blends show stress-whitening when they are stretched to large extensions

but return to their initial clear state after failure. This observation of whitening upon

stretching is typical of two phase systems comprising of hard and soft components,

and has been ascribed to crazing of the glassy matrix, cavitation or dewetting of the

rubbery particles. The onset of stress whitening followed yielding and neck formation

for blends with 60% or more of the hard phase. In case of soft blends, whitening

was observed only at very large extensions. A separate set of experiments using an

optical extensometer to measure strains in the elastic range (typical strains of the

order of 1%) yielded accurate values of the Young's moduli for these blends. The

data collected from tensile testing also yielded elongation to break, tenacity and

energy to break as a function of blend composition.
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2.5.2 Dynamic Mechanical Testing

Figure 2.2 on page 21 shows the profiles of the storage modulus, E', as a function

of temperature at 1 Hz and a heating rate of 2 °C /min. A sudden change in the

modulus, corresponding to the glass transition, is seen for both the soft and hard

phases for all of the blends. The modulus values drop by nearly three orders of

magnitude as the material undergoes glass transition. Table 2.1 on page 22 compares

the moduli values at -50 °C and 25 °C respectively with the Young's moduli obtained

by tensile testing. At -50 °C , both components are glassy with moduli ranging

between 2-3 GPa; typical of glassy amorphous polymers. At room temperature, the

moduli span a large range from a few MPa to 2.5 GPa. Both the tensile modulus

and the storage modulus show similar trends and comparable values as a function of

the blend composition.

The glass transitions for both the hard and soft phases are more clearly seen

in the profiles of E" and tanS in Figures 2.3(a) and 2.3(b) on page 24. These

curves have been arbitrarily shifted and scaled along the y-axis to enhance the

clarity of presentation. The presence of two distinct peaks throughout the whole

range of blend composition indicates that the samples remain phase separated. The

peak temperature corresponding to the Tg of the hard phase is not affected by the

composition, as shown in the plot for tanS. The Tg of the soft phase, however,

is depressed by as much as 10 °C upon increasing the hard phase. A mismatch

in the thermal expansion coefficients of the hard and soft phases (of the order of

100 ppm/ °C )
subjects the soft inclusions to a state of hydrostatic tension upon

cooling. When both the phases are above Tg , for example beyond 65 °C , there is

no mismatch in the expansion coefficients and, consequently, there is no interfacial

pressure. On cooling below 60 °C , the hard phase undergoes its glass transition and
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Table 2.1 Comparison of storage moduli from DMTAat -50 °C and 25 °C with the
Young's moduli from tensile testing at room temperature.

Hard Phase
in blend

%

Young's Modulus
25 °C
(GPa)

E'

-50 °C
(GPa)

E'

25 °C
(GPa)

0% 0.0016 2.016 0.0056
20% 0.0277

30% 0.1302 2.163 0.071
40% 0.5063 2.229 0.209
50% 0.7410 2.717 0.487
60% 1.1015 2.829 0.8274
80% 1.815 3.128 1.747
100% 2.410 3.729 2.563

becomes glassy while the soft phases remains rubbery. At this stage, further cooling

creates enormous interfacial pressures, AP, on the soft phase due to the mismatch

in the thermal expansion coefficients:

AP = -KAaAT (2.22)

where K is the bulk modulus of the soft phase, Aa is the mismatch in thermal

expansion coefficients between the hard and soft phases and AT is the degree of

cooling. The magnitude of this interfacial pressure continues to increase until the

blend is cooled below the glass transition of the soft phase. A phenomenological

argument in terms of the effect of pressure on the free volume of the material
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predicts a depression in the Tg of the soft phases under the influence of hydrostatic

tension as a result of cooling. Using the pressure dependence of Tg for poly(methyl-

methacrylate) [26, 27] as a first approximation, a drop of about 3-10 °C in the soft

Tg is predicted for a temperature drop of 60 °C . These calculations show that the

mismatch in expansion coefficients can result in interfacial pressures of the order of

10-15 MPa.

The magnitude of the interfacial pressure also depends on the blend morphology

and is maximum for a discrete dispersion of soft phase in a continuous hard matrix

due to a state of triaxial constraint. The 80% hard blend, as a result, shows the

maximum depression in the soft Tg . At intermediate composition, such as 20-50%,

co-continuous blend morphology possibly reduces the constraints on the soft phase

and, consequently, these blends show a lower depression of the soft T^ . Indeed

similar depressions in the Tg of Poly(butadiene) in Acrylonitrile-Butadiene-Styrene

(ABS) blends have been reported [28]. The depression of soft Tg as a function of

blend composition is thus qualitatively explained by these arguments.

Early on, several researchers reported a secondary, P , relaxation for Poly(methyl

methacrylate) (PMMA) at 10 °C from dynamic mechanical measurements at

1 cycle/s [29]. Dielectric relaxation measurements on PMMA,as well as other acrylic

based polymers have shown similar results. This relaxation has been generally

considered to be due to the side chain motion of the -COOCH3group around the

C-C bond connecting it to the main chain.

For the acrylic blend films used in this study, a small /3 relaxation peak in the

E" data is seen at -12 °C for the 100% hard phase only (Figure 2.4(a)). A small

"hump" is also seen in tanS, as shown in Figure 2.4(b) on page 26, in a similar

temperature range. This relaxation is completely overshadowed by the much stronger
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Figure 2.3 Loss modulus and tan(5 as a function of temperature for blends at 1 Hz,

2^C /min. Curves have been shifted on y-axis by an arbitrary amount for clarity.

24



glass transition of the soft phase in blends containing increasing soft content.

A further investigation of the P relaxation in the 100% hard phase sampl

carried out at various temperatures as a function of the frequency of strain oscillat

As expected, the peak in E" shifted towards lower frequencies upon decreasing the

temperature (Figure 2.5(a) on page 27). The trend of E' with frequency, as shown

Figure 2.5(b) is towards higher values at higher frequencies and lower temperat

es was

ion.

m

ures.

2.5.3 Elastic Constants

Young's moduli for the blends, as well as the pure components, are estimated

from the initial slope of their stress-strain curves using an optical extensometer.

Bulk moduli, using equation 2.20, are obtained from the slope of isothermal pressure-

volume data shown in Figure 2.6 on page 28. Once the elastic constants of the pure

components are available, equations 2.8 through 2.17 yield the predicted values of

eflfective moduli. From the predicted shear and bulk moduli. Young's moduli and

Poisson's ratios for the blends are calculated as:

9A>

3K - 2/i
^ ^

Figure 2.7 (page 30) shows the experimentally observed values of Young's moduli

in comparison with those predicted from equations 2.8 through 2.17. Also shown

are the storage moduli obtained from dynamic mechanical testing. Casel of the
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Farber-Farris model corresponds to a hard matrix with soft inclusions, whereas case2

corresponds to a soft matrix with hard inclusions. Poisson's ratios calculated from

the experimental Young's modulus and bulk modulus data (using equation 2.5) are

displayed in Figure 2.8 (page 31) in comparison with the predicted profiles from

various models. A further evidence of the accuracy of the Poisson's ratios for the

pure soft and hard phases is provided by Figure 2.9 which shows the results of high

pressure gas dilatometry. Table 2.2 on page 29 summarizes these results.

Table 2.2 Poisson's ratios calculated from experimental Young's and Bulk moduli
using equation 2.5 in comparison with predictions of Farber-Farris model easel

Hard Phase
in blend

%

E
(Tensile)

(GPa)

K
(PVT)
(GPa)

u

(eq 2.5)

u

(Farber-Farrisl)
u

Dilatometry

0% 0.0016 2.474 0.4999 0.4999 0.501

20% 0.0277 0.4899

30% 0.1302 2.849 0.4924 0.4810
40% 0.5063 3.037 0.4722 0.4706

50% 0.7410 3.073 0.4598 0.4591

60% 1.1015 3.113 0.4410 0.4469

80% 1.815 3.618 0.4164 0.4212

100% 2.410 3.840 0.3954 0.3955 0.394

The experimental modulus values lie within the Hashin-Shtrikman bounds and

are in close agreement with the solution of Hill-Budiansky equations. Similar results

on systems of hard and soft phases have been interpreted within the framework of a

percolation concept by Hsu et al. [30, 31]. During their study on block copolymers

of styrene and butadiene [30], and blends of a thermoplastic polyester with ethylene-
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propylene-diene (EPDM) rubber [31], they found that there was a rubber to glass

transition upon increasing the concentration of the hard phase (polystyrene and

polyester respectively in the above references). At low concentrations of the hard

phase, they argued, the mechanical response of the composite system is controlled

by the continuous soft matrix as the particles of the hard phase cannot interact with

one another. On the other extreme, the continuous hard phase controls the overall

response. A transition region must, therefore, occur at an intermediate composition

when the regions of hard phase just begin to interact in a cooperative manner.

This composition is called the percolation threshold; an idea first introduced for

elastic networks by De Gennes [32] based on an approach similar to that adopted for

conductivity of a random network of resistors. A scaling law, in the form of a power

law describes the "stiffness" of this elastic network:

fi = const{A(f)Y
(2.25)

where A(/) = (/> - (/)o, ( is the power law exponent and </)o is the percolation threshold.

Calculations [33, 34] for ideal random mixtures in three dimensions predict a value

of 0.15 for 4>o and 1.5 for ^. In reality, these values can be significantly afl["ected by

the processing conditions.

It is interesting to note that an apparent "percolation threshold" is invariably

predicted by the solutions of Hill-Budiansky equations without regard to any real

morphological change in the system. This arises when considering the limiting case

of solid particles in a fluid (such that /i^ = 0) :
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_ 0 0. < 0.4

^ " ^ (2.26)

5/ii(</), - 0.4)/3 0 < - 0.4 < 1

resulting in a value of 0.4 for 4>q and 1 for ^. Other criticisms of this theory are

based on the prediction of a singularity in fi at the threshold limit of 0.4 for the

case of rigid inclusions. At the other extreme, a value of zero is predicted for /i at

(f)i = 0.5 for the case of voids in a continuous matrix. Evidently, the theory takes

"enormous liberties", according to Christensen [12], with the assumptions regarding

the geometry of the system. All the inclusions are assumed to be lumped together as

a single ellipsoidal inclusion in a matrix of effective properties. A uniform stress field

IS then applied at a large distance away from the inclusion, and invoking the concept

of "self consistency", the orientational average of the stress in the inclusion is set

equal to overall uniform stress. Consequently, an apparent percolation threshold is

inherently built into the model.

Clearly there is reason to be cautious in interpreting the predictions of Hill-

Budiansky theory. A direct examination of the morphology of the composite system

is needed to determine accurately the percolation threshold. However, the model

can be very useful in reducing the range of expensive morphological studies and

providing a first approximation to the effective properties.

Once the matrix has turned into a continuous hard phase, easel of the

Farber-Farris model (equations 2.16 and 2.17) predicts the effective moduli values

exceptionally well. Case2, on the other hand, indicates that the idealized geometry

of the composite having a continuous soft matrix and dispersed hard inclusions

begins to fall apart at around 10% hard content by volume. This is very close

to the theoretically predicted percolation threshold of 15%. Clearly there is a
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gradual transition from a soft continuous matrix with hard dispersed phase to a

hard continuous matrix with soft dispersed phase. This gradual transition is likely

manifested by a co-continuous phase morphology in the 10-40% range. More data is

required in this range of the blend composition to conclusively establish a percolation

threshold and verify the power law nature of the effective shear modulus given by

equation 2.25.

2.5.4 Other Tensile Properties

Other tensile properties such as tenacity, elongation to break and energy to break

(i.e. toughness) as a function of blend composition are shown in Figures 2.10 (page 36)

through 2.12 (page 37). As expected, the blends show higher tenacity, and lower

elongation to break, upon increasing the concentration of the hard phase. The energy

to break shows a maximum around 50-60% hard content, although within the large

variability of the data, all the blends are quite similar in their overall energy to break

at 10 J/g. All the data further indicates that the blends are homogeneous with a

state of significant secondary coalescence of particles.

2.5.5 SEMof Fracture Surfaces

Figure 2.13, on page 38, and Figure 2.14, on page 39, show the SEMmicrographs

of the fracture surfaces with increasing concentration of the hard phase. At low

hard content, such as the 20% hard blend, the soft matrix shows a smooth flowing

deformation. Particles of the dispersed hard phase are distinctly seen in the 30%.

That the matrix has switched to a continuous hard phase at 50% is seen by the

sharpness of the boundaries of the broken continuous phase. The particles appear
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to be of the order of 0.5/im, and even larger, as they too have undergone a fairly

large inelastic deformation. At the same time, it is also possible that the particulate

domains are agglomerates of several individual latex particles.

The apparent two phase nature of the blends is progressively diminished at

higher concentrations of the hard phase as shown in Figures 2.14. At the same time,

the continuous hard matrix shows increasingly sharp edges and cracks, culminating

in the well-defined sharp lines for the pure hard phase. These micrographs further

support our conclusion that the phase inversion to a continuous hard matrix with

soft inclusions occurs around 30-40% hard content in the blend.
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2.6 Summary

A comprehensive characterization of the mechanical properties of acryhc based

latex blend coatings has been completed. These blends show a broad distribution

of properties, ranging from soft rubber-like behavior at low concentrations of the

hard phase, to hard solid-like response at higher proportions. The profiles of

experimentally measured Young's moduli and Poisson's ratios are in close agreement

with those calculated from the models based on composite theory, and predict a

phase inversion to a continuous hard phase at around 30-40%. These conclusions

are further supported by the SEMmicrographs of the fracture surfaces which show

a gradual transformation from a soft rubber-like continuous matrix to a hard solid

phase through a series of bicontinuous mixtures.
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2 . 7 Nomenclature

CTjj Stress tensor

6ij Strain tensor

Cijki Fourth order tensor of Elastic constants

fi Shear modulus

A Lame constant

Ckk Trace of the Strain Tensor

5\y Kronecker delta

u Poisson's ratio

K Bulk modulus

E Young's modulus

(t>\
Volume fraction of the inclusions in composite

(/)m Volume fraction of the matrix in composite

< e > Average shear strain

< e > Average dilatational strain

K Isothermal bulk compressibility

V Specific volume (cm^/g)

P Pressure (MPa)
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T Temperature ( °C
)

Aa Mismatch in linear thermal expansion coefficients between the blend components

(ppm/°C)

(f)o Percolation threshold

^ Exponent for the power law prediction of percolation theory

E' Storage modulus

E" Loss modulus

tanS Loss tangent - Ratio of E' and E"
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CHAPTER3

THERMALCHARACTERIZATION

3.1 Abstract

This chapter presents the results of thermal characterization of the latex blend

films using Thermogravimetric Analysis (TGA), Thermomechanical Analysis (TMA)

and Modulated Differential Scanning Calorimetry (MDSC). The presence of two

distinct glass transition temperatures at all compositions confirm the phase separated

nature of these blends. There is partial miscibility at intermediate compositions

arising from significant segmental inter-diffusion across the particle interface.

A new Pulsed DSC technique, based on moment analysis, is introduced in this

chapter. This technique enables the measurement of equilibrium and frequency

dependent specific heats of materials in a single experiment. Provided that both

the input temperature pulse and the output enthalpy change return to their initial

unperturbed state, it is shown that the equilibrium specific heat is easily estimated

by the areas under the input and output data with respect to time. Specific heats

calculated by this method for a variety of materials such as Indium, Copper, Sapphire,
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and amorphous and semi-crystalline polymers, are lower by as much as 10-15% than

those reported in the literature. Fourier analysis of the data yields a frequency

dependent complex specific heat, the modulus of which is directly comparable to

that obtained by MDSC. The complex specific heat approaches equilibrium value in

the limit of zero frequency from lower values indicating that inertial effects dominate

the frequency response of the material; a hypothesis further supported by phase

differences exceeding 7r/2 between the output and the input.

Key words : Equilibrium specific heat; DSC; MDSC; complex heat capacity;

Pulsed DSC; glass transition; phase miscibility

3.2 Introduction

Thermal characterization of a material involves measurement of its thermal

stability, temperatures and heats of thermal transitions, and dimensional stability.

Thermogravimetric analysis (TGA), thermomechanical analysis (TMA) and differ-

ential scanning calorimetry (DSC) are standard techniques used to measure the

thermal behavior of polymers.

Recently modulated differential scanning calorimetry [1] has gained widespread

popularity due to increased sensitivity and resolution of measurement. The main

difference, compared to conventional DSC, is that the usual input heating (or cooling)

temperature ramp is "modulated" by superimposing a small sinusoidal perturbation.

The temperature profile is then given by:

T{t) = To + (3ot + TaSin{LOot) (3.1)

where To is the initial temperature, (3o is the heating (or cooling rate), Ta is the
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amplitude of sinusoidal temperature cl,ange of frequency c.„. The resulting heat

flux is also a sine function, out of phase with the input, riding on an underlying

non-oscillating "average" flux, c/jj, :

(f>{i) = 4>dc -\- (l>a-sin{ujot + ^)
(o.i)

where 0. and ^ are the an^plitude and phase lag of the output heat flux. The
nderlying heat flux is the same as that measured in an identical DSC experiment

ithout the sinusoidal temperature variation. A fast Fourier analysis (FFT),

described by Wunderlich et al. [2, 3] enables separation of the non-oscillating flux

from the oscillating component, as well as its amplitude and phase lag.

Two methods of analyzing the modulated heat flux and temperature data are

reported in the literature. The first, due to Reading [1], and adopted by the TA
Instruments Inc. in their DSC2910 modules, defines the in-phase component of the

oscillating heat flux as the "reversing" heat flux:

un

w

(f)rev{T, UJq) = |C(T,Wo)|/?o
(3.3)

where \C{T, u;o)\ is the modulus of the frequency-dependent specific heat of the

material that is available from the amplitudes of oscillating heat flux, temperature

and frequency :

|C(T,u;o)|- Ac^ (.3.4)

where I\c is the specific heat constant obtained from calibrations with a sapphire

standard. A "non-reversing'' heat flux is then calculated as:
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The second method, due to Schawe [4], treats the non-oscillating, and the

oscillating component of the heat flux as two mathematically disparate quantities.

The oscillating part of the heat flux yields a complete description of the frequency-

dependent specific heat, C(r,u;o), in terms of the in-phase and out-of-phase

components:

|C(r,u;o)| = x/C''2(u;o) -fC"2 (cuo)
(3.6)

whereas the phase shift is given by:

C'M (3.7)

This treatment is similar to that used in the analysis of dynamic stress-strain

data of polymers by theory of linear viscoelasticity. The in-phase and out-of-phase

components of specific heat are analogous to the "storage" and "loss" moduh. A

closer look at the details of linear hereditary mathematics, such as that used in linear

viscoelasticity, reveals that the storage and loss moduli of a material are defined

for a steady state response of the system. In a typical MDSCexperiment, the

system is certainly not at steady state due to the underlying linear rate of change

of temperature. Wunderlich et al. [2, 3] have accounted for this by carrying out

their experiments in a quasi-isothermal manner such that the underlying heating

rate is zero. The heat capacity values thus obtained by the deconvolution of the

steady state heat flow data are much more accurate. Nevertheless, the results are
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still dependent upon the frequency of oscillation, and consequently, far from their

equilibrium values.

An alternate approach is presented in this work that provides the time-

independent equilibrium specific heat as well as a frequency-dependent complex

specific heat in a single experiment. This approach is based on a simple moment

analysis, followed by Fourier transform, of the input temperature perturbation and

the resulting enthalpy change. A similar approach has been successfully applied

by Farris and Vratsanos [5, 6, 7] for the measurement of elastic properties of

curing thermosets and their gelation. The essential feature of this technique is

the application of an input pulse of arbitrary shape and duration and collecting

output data until the response has returned to its initial unperturbed base value. A

simple Laplace analysis of the input and output data yields the equilibrium specific

heat and a mean relaxation time, whereas the frequency dependent quantities are

calculated by Fourier transform. The main advantage of this method is that there

is no restriction on the shape of the input perturbation. The only constraint is that

both the input and the output must return to their initial unperturbed state at

the end of the experiment; a requirement of the linear hereditary equations. The

following sections will outline the theoretical framework of this approach, as applied

to DSC, and demonstrate its applicability to a wide range of materials including

metals and polymers.

3.3 Background

A system at equilibrium is described by classical thermodynamics in terms of

time-independent state functions. Thus, at constant pressure, the change in enthalpy
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as a function of temperature is given by:

dH{T) = C,{T)dT
(3

where Cp(T) is the specific heat at constant pressure. In the case of polymers, where

the molecular vibrations contributing to specific heat are both time and temperature

dependent, the change in enthalpy can be correlated to a time-dependent specific

heat and the temperature change by a convolution integral. Such a relationship is

valid for a linear hereditary system where the perturbations are sufficiently small

scale with respect to an underlying state of equilibrium :

^^(^'0 = / C.(T, t - ()^^di + a,(r)AT(t) (3.9)

Cr(T,t) and Ceq(T) in equation 3.9 are the time-dependent and equilibrium

specific heats respectively such that Hmt^oo C,{T,t) = 0. AH(T,t) and AT(t) are

the changes in enthalpy and temperature respectively. Although it is both a function

of time and temperature, the change in enthalpy can be expressed as AH(t) in

a quasi-isothermal experiment at the temperature of interest. If the path of the

temperature change is so chosen that it returns to its initial base value at the end

of the perturbation, equation 3.9 predicts that AH(t) will also return to its initial

value. Figure 3.1 (page 52) shows a typical temperature pulse and the resulting

change in enthalpy for Sapphire. Using Laplace transforms in the limit t oo (by

setting the Laplace parameter 5 —)• 0), Ceq(T) is then:

, , fn AH(t) dt
Ce,{T) = -yoo (3.10)

Jo ^T(t) dt
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Figure 3.1 Input temperature pulse and resulting enthalpy change for Sapphire at
50 °C .

A mean "relaxation time" characterizing the time-dependent behavior of the

specific heat can be derived from the moment analysis of the pulsed data:

^ _ J, ^^(Ce, AT(t) - AH(t) )dt - 277,,..^,, J- ^AT(t) dt

2Vtkermal AT{t) dt
^^'^^^

where ijthermai is given by:

_ J- ^(a,AT(t) - AH(t) )dt

Analogous to the dissipation of mechanical energy, T]thermai can be interpreted

as being related to dissipation of thermal energy over a characteristic relaxation

time, T
,

given by equation 3.11. Standard DSC measures the heat flux, (f){t), as the

temperature is changed in a linear manner. At constant pressure, change in enthalpy

is obtained by the integration of heat flux 0(^) signal:
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^H(t) = J^iOd^ (3.13)

In order to determine an overall time-dependent specific heat, equation 3.9 can

be re-written as:

AH(t) =J^Cit-0'-^d^ (3.14)

Fourier transformation of equation 3.14 then leads to frequency-dependent

in-phase and out-of-phase specific heats, assuming that the Fourier transform of

AT(t) given by:

roo

AT{u;) = jf AT(t) exp-^-Ut (3.I5)

exists for the chosen u. The in-phase specific heat, C'{u), and the out-of-phase

specific heat, C"{lo)^ are then given by:

=|-^ = C» = C'H + (3.16)

poo

C\lo) =uj I C{t)sin{ujt)dt (3.17)
Jo

C''{lo)=uj / C{t)cos{Lot)dt (3.18)

Expressing the Fourier transforms of AH(t) and AT(t) in terms of their respective

sine and cosine transforms:
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poo

AHciiv) = AU{t) cos{ujt)dt

/*oo

AH,{u) =
J

AE{t) sin{Lot)dt
^3 20)

ATc{u) =
J

AT(t) cos{u;t)dt
(3_2i)

AT,{uj) =
J

AT(t) sin{Lot)dt
(3 22)

and performing a simple term by term comparison in equation 3.16, following

expressions are obtained:

^/(^) ^ AH,{u)AT,{u) + AH,{u;)AT,{io)

AtI{u)^AtI{uj)
^^-^^^

„ _ AH,iu;)ATsiu:) - AH,{uj)ATJu;)

The magnitude of the frequency-dependent complex specific heat is gi iven as:

ICHI = y/C'iu;) + C'iu) (3.25)

whereas the phase shift is given by:

A direct comparison can be made in this way with the results obtained from

MDSCexperiments at the chosen frequency loq according to equations 3.4, 3.6 and

3.7.
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3.4 Experimental

3.4.1 Materials

Acrylic based latex blend films were prepared from aqueous latices by a method

described in section 2.4.1. Samples were dried overnight in vacuum at approximately

80 °C .

Pulsed DSC experiments were carried out on a wide range of materials such

as copper, indium, sapphire, glassy polymers such as Lexan® poly (carbonate)

(PC), poly(styrene) (PS), poly(methyl methacrylate) (PMMA), and semi-crystalline

materials such as poly (ethylene terephthalate) (PET). Indium and sapphire were

standard materials provided by TA Instruments. Lexan®films were obtained from

GE Plastics. PMMAwith intrinsic viscosity of 1.38 g/dL was purchased from

Scientific Products. PS, with a molecular weight of 280,000, and PET with an

intrinsic viscosity of 0.7 g/dL, were obtained in the form of pellets from Aldrich

Chemicals. The materials were used as received without any thermal treatment.

DSC thermograms, obtained at a heating rate of 10 °C /min are presented in

Figure 3.2 (page 56). All of the samples were amorphous and glassy at the test

temperature of 50 °C .

3.4.2 TMAand TGAExperiments on Acrylic Blends

TMAexperiments were performed using a TMA2940 from TA Instruments with

thin ribbon samples (4 mmwide, 12 mmlong) under a nitrogen purge with typical

flowrates of approximately 80 ml/min. Samples were subjected to a constant force

of 2 mN(around 0.005 MPastress) and heated at 2-5 °C /min from -60 to 70 °C .
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TGAexperiments were performed using a TGA2950 from TA Instruments with

samples weighing around 5 mg under a nitrogen purge at a flowrate of 100 ml/min.

A heating rate of 10 <>€ /min was used to heat the samples from room temperature

to approximately 400 °C .

3.4.3 Modulated DSCMeasurements

For MDSCexperiments on acrylic blend films, small pieces (20-30 mg) were

cut from dried films and encapsulated in hermetically sealed aluminum pans. The

weights of the sample and reference pans were matched to within 0.5 mg. MDSC
experiments were carried out using a DSC2910 module from TA Instruments under a

He purge at a flowrate of 80 ml/min. Calibrations for cell constant and specific heat

were carried out using indium and sapphire standards respectively. Each experiment

involved cooling the sample from 90 °C to -40 °C at 2 °C /min with a temperature

amplitude of ± 0.5 °C and a period of oscillation of 40s.

Modulated DSC measurements, for comparison with results of pulsed DSC,

were carried out at 50 °C after equilibrating for about 30 minutes under a helium

purge. Temperature was modulated in a sinusoidal manner with an amplitude

of ± 0.5 "C and periods ranging between 30-100 seconds without any underlying

temperature ramp. Cooling was provided by the LNCA II liquid nitrogen cooling

accessory. Steady state conditions were typically obtained in 1-2 hours, depending

on the period of oscillation. Data was collected with a heat capacity constant Kc

equal to 1.0, and specific heats were calculated as the average of the last 10-15

minutes of the steady state data, and later corrected by the appropriate sapphire

values. The values of the constant Kc calculated from sapphire data ranged from
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1.1613 (Period = 30s) to 0.9385 (Period = 100 s) at the temperature amplitude of

± 0.5 °C
. Kc values obtained with temperature amplitude of ± 0.2 °C ranged from

1.1785 to 0.9105 at the corresponding periods of oscillation. Boiler et al. [2] reported

a similar decreasing trend in the heat capacity constant with increasing time periods.

3.4.4 Pulsed DSCMeasurements

Pulsed DSC experiments were carried out using a TA Instruments DSC2910

at 50 °C
. The instrument was first calibrated with indium and mercury for

temperature and cell constant. Helium was used as the purge gas due to its high

thermal conductivity. Hermetically sealed sample and reference aluminum pans,

matched within 0.5 mg, were used to encapsulate the test samples with weights

ranging between 10-25 mg. The system was first equilibrated at 50 °C and held

isothermally for about 30 minutes prior to introducing a pulsed change in the

temperature. Pulse amplitudes between 1-5 °C and durations between 1-10 minutes

were imposed on the system using the Jump and Equilibrate method segments.

Enough time was allowed between consecutive pulses for the system to return to

equilibrium at the initial temperature of 50 "C . Cooling was provided by the

LNCA II liquid nitrogen cooling accessory.

Two sets of pulsed experiments were carried out on the pure hard and soft phases,

and the blend with 50% hard phase. The first set involved introducing temperature

pulses at a constant temperature (-50 °C and 60 °C respectively) to measure the

equilibrium specific heats in the glassy and rubbery states. In the second set, a single

pulse was introduced at a series of temperatures as the sample was cooled through its

glass transition. Enough time was allowed at each pre-determined temperature for
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Figure 3.3 Sequence of temperature pulses used during a cooling experiment to
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mea-

equilibration. Figure 3.3 shows a typical set of temperature pulses used to monitor

the change of specific heat through the material's Tg . The pulsed data at each

temperature was analyzed to yield the equilibrium specific heat.
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Figure 3.4 TGA thermograms of pure hard and soft phases and the 50% hard blend
at 10 °C /min under nitrogen.

3.5 Results and Discussion

3.5.1 TGAof Acrylic Blends

Figure 3.4 (page 60) shows the loss in weight of pure hard and soft phases as

well as the blend with 50% hard phase as a function of temperature. The onset of

degradation, defined by the temperature of 10% weight loss, is approximately 350-

360 °C . The degradation of these blends is quite rapid and involves nearly a 100%

weight loss. This is as expected since the degradation of rnethylmethacrylate-based

polymers approaches complete weight loss due to an unzipping reaction.
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3.5.2 MDSCof Acrylic Blends

jons

ase

an

The profiles of reversing heat flow with temperature for blend composit

ranging from 0% hard to 100% hard phase are shown in Figure 3.5 on page 62. The

curves have been shifted on the y-axis by an arbitrary amount to preserve clarity of

presentation. Two distinct glass transitions corresponding to the pure hard and soft

phases are seen throughout the entire range of blend compositions indicating ph

separation of the two components. The size of the phase domains is much less th

the range of wavelengths in visible light since the films are clear and transparent.

This is expected since the size of the particles in the original latices is around 100 nm
(refer to section 2.4.1).

The glass transition temperatures, Tg , for the hard and soft phases in the

blends were calculated by the mid point method and are shown in Figure 3.6 on

page 63. Also displayed are the peak temperatures in tanS obtained from dynamic

mechanical (DMTA) experiments described in section 2.5.2. The Tg of the hard

phase is not affected by the composition of the blend, whereas that of the soft

phase shows a small depression upon increasing the concentration of the hard phase

in the blend. Similar results have been observed for blends of polystyrenes with

rubber, such as ABS (Acrylonitrile-Butadiene-Styrene), in which the Tg of the soft

component (Butadiene) is lowered by as much as 10 °C due to the presence of the

hard phase. A detailed explanation of this observation is provided in section 2.5.2.

The height of the glass transition (change in specific heat, ACp) is a characteristic

parameter of any amorphous material. For blends, AC^^^ of each phase in the

blended form relative to that in the pure component form, AC^, is a measure of their

miscibility. A non-dimensional ratio is defined as the relative heat capacity change
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Figure 3.6 Glass transition temperatures of the hard and soft phases for blends; circles
show mid point Tg from MDSC, squares show the peak tanS values from DMTA.

for the blend:

ACPre/ (3.27)

where Wi and W2 are the weight fractions of the blend constituents. A value of 1.0

for the above ratio indicates complete phase separation of the blend components.

Figure 3.7 (page 64) shows the values of this ratio as a function of the blend

composition. AC^^^ and AC^ for each blend component were calculated from the

difference of specific heat between the onset and end temperatures at its glass

transition temperature in the blend and pure forms respectively. The DSC2910

module software provided by TA instruments automatically calculates the onset and

end points of a step transition by drawing tangents to the heat capacity curve in the
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ion

rubbery and glassy region, and finding the intersection of a line drawn through the

transition region with these tangents. Several start and end points were selected on

the heat capacity curves to estimate the variability in the calculation of these onset

and end points. A mean and a standard deviation in each of the AC^pp and AC^

values was calculated based on this variability, and applying the rules of propagation

of errors for fractions, a net error for the ACp^^, was estimated. The error bars in

Figure 3.7 show the net error calculated by this method.

There is increasing miscibility, indicated by values of relative heat capacity

change of less than 1.0, upon increasing the hard phase. Initially, the matrix is a

soft continuous phase with dispersions of the hard phase, and there is a considerable

segmental inter-diffusion across the particle interface. As the concentration of the

hard phase is increased, a percolation threshold (refer to section 2.5.3) is reached
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and the two phases exhibit a co-continuous morphology. The value of the normahzed

specific heat is quite low (~ 0.5) at this point indicating substantial phase mixing.

Upon further increase of the hard component, the matrix inverts to a continuous

hard phase with dispersions of the soft phase. The profile of the normalized specific

heat in Figure 3.7 is symmetrical around 50% hard phase, indicating that the matrix

inversion occurs around this composition.

A similar analysis has been applied by Fried [8] in his study on blends of

poly(2,6-dimethyl-l,4-phenylene oxide) (PPO) and copolymers of styrene (S)

and p-Chlorostyrene (pClS) which show a sharp transition from compatibility to

incompatibility in a narrow range of copolymer compositions between 67.1 and

67.8 mole% pClS. Blends of pure poly(p-Chlorostyrene) (PpClS) and PPO were

totally incompatible and exhibited a value close to 1.0 for the normalized specific

heat given by equation 3.27. The normalized specific heat values for blends of

PPO with the copolymer containing 67.8 mole% pClS were around 0.6 indicating

considerable phase mixing in the interphase regions. Lower pClS content in the

copolymer resulted in blends that were compatible, whereas higher pClS content

rendered the blends incompatible with normalized specific heats ranging from 0.7

to 1.0. A decrease in the specific heat change of the principal phases at the glass

transition results in such blends, Fried argues, owing to the "depletion" of material

in the interphase region, the weak contribution of which is not detectable in the DSC

measurement. The degree to which the normalized specific heat is lower than 1.0

then is a qualitative measure of partial blend miscibility.

The width of the glass transition, in a similar manner, is also a measure of

relative blend miscibihty. Widening of the glass transition temperature in a miscible

blend has been understood to arise from the increasing microheterogeneity of
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the components [9, 10, 11] such that in the extreme case of incompatible blends,

two separate transitions are seen. These suggestions are based on early work of

Nielsen [12] on vinyl copolymers that showed a widening of logarithmic decrement in

their mechanical spectra upon increasing heterogeneity between the components.

In case of compatible blends, Song et al. [11] have suggested a rule of mixtures

type equation to explain the observed transition widths:

,blend —WiATg^i + W2ATg^2
(3.28)

where AT,,! and AT,,2 are the widths of the glass transition temperatures of blend

components in their pure form. However, for immiscible blend systems, an equation

similar to equation 3.27 can be derived :

^ u;iAT;^^p + u;2AT;;p

u;iATO + t^2AT0 (3-29)

where all the quantities have a corresponding description for the blend and the

pure form. Figure 3.8 (page 67) displays the absolute widths of glass transition

temperatures of the soft and the hard phase in the blend as a function of blend

composition in terms of the hard phase. These widths are estimated from the onset

and end points, as in the case of specific heats described earlier, of the heat capacity

curves. The error bars represent the uncertainty in the estimation of the onset and

end points depending upon the choice of the pair of points selected for analysis of

the transition. The width of each phase decreases as its concentration in the blend is

decreased owing to its diminished presence as well as phase mixing in the interphase

region. The normalized relative width at Tg , calculated by equation 3.29, and
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displayed in Figure 3.9 on page 68, shows a profile similar to that of the normalized

specific heat of Figure 3.7. Increased segmental inter-diffusion reduces the normalized

relative width to values less than 1.0 and a minimum is seen around 40% consistent

with the presence of a co-continuous phase morphology.
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Figure 3.8 Absolute values of the width of glass transition temperatures for the soft
and the hard phases as a function of blend composition.

3.5.3 TMAon Acrylic Blends

TMAthermograms for the pure hard and soft phases and the 50% hard blend are

shown in Figure 3.10 on page 69. A small step change in the slope of the response,

indicating a discontinuity in the thermal expansion coefficient, is first seen at -40

to -45 °C . This corresponds to the secondary relaxation {(3) in acrylic polymers

reported by several researchers based on dynamic mechanical data and mentioned
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Figure 3.9 Relative width of glass transition (equation 3.29) for blends as a function
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earlier in section 2.5.2. The change in strain is typically 0.5%, which is much smaller

than that through the glass transition.

The onset of glass transition for the pure soft phase occurs at 0.6 °C , while for

the hard phase it is seen at around 20 °C . The 50% hard blend shows both of these

onsets corresponding to the Tg of individual phases at similar temperatures.

3.5.4 Pulsed DSCon Standards and Glassy Polymers

Equilibrium Specific Heat

Equilibrium specific heat,Ceq , is obtained from the areas under the temperature-

time and the enthalpy-time curves in accordance with equation 3.10. A straight
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line fit, forced to pass through the origin, yields the equilibrium specific heat as

its slope. Figures 3.11 (page 70) through 3.15 (page 72) show the results of these

calculations, whereas Table 3.1 displays a summary of all the results in comparison

to their literature values.

It is observed that the linear dependence of the area under the enthalpy-time

curve is preserved over a large range of areas under the temperature-time curve,

and for several pulse amplitudes and durations. The slope of this linear trend,

therefore, accurately represents the equilibrium specific heat as it does not depend

upon any kinetic factors. When compared with the literature data, these values are

lower by as much as 10-15%, except for copper and PMMA. Most literature values,

especially those for the polymeric samples, are calculated by an averaging of the

available literature data, based on certain guidelines of characterization, experimental
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Figure 3.12 Pulsed DSCdata for PC at 50 °C .
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Figure 3.13 Pulsed DSC data for PS at 50 °C .
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Figure 3.14 Pulsed DSCdata for PET at 50 °C
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Table 3.1 Equilibrium specific heat, Ce, , calculated from the pulsepulse experiments

Material C„„ T,if vulno —̂
~r-
—

. rf3 i^it. value Yo deviation
Indium 0.2061 0.2341 [13] TiTg
Copper 0.3781 0.3578 [13] 5.7
Sapphire 0.7947 0.8257 [14]
Lexan® 1.1469 N.A.
PS 1.1471 1.3302 [15]
PET 1.1356 1.2585 [16]
PMMA 1.5994 1.4689 [17]

-3.8

N.A.

-13.8

-9.8

8.9

technique, error limit and accuracy. For example, Gaur et al. [15] selected nineteen

out of the forty-four results reported on various polystyrenes, for estimation of

recommended specific heat values. The most common techniques reported in the

literature for measurement of specific heats are adiabatic calorimetry (accuracy

~ 0.1-2%), DSC (accuracy ~ 10%) and heat pulse measurements (accuracy ~ 2%),

the results of which are usually dependent upon the rates of heating. In this regard,

the recommended values in the literature are not exactly "equilibrium" values; a fact

further highlighted by our results that are lower than the corresponding reported

values.
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Frequency-Dependent Specific Heat

A frequency-dependent complex specific heat is obtained by Fourier analysis

of the pulsed data as given by equations 3.23 and 3.24, the amplitude of which

from equation 3.6, is directly compared with that obtained from MDSC. Fig-

ure 3.16 (page 75) shows the frequency dependent specific heats, normalized by the

corresponding Ceq ,
for the Sapphire standard, in comparison with those obtained

from MDSCat two different temperature amplitudes. Although at high frequencies,

the specific heats are low, the approach towards the equilibrium value is clearly

seen at lower frequencies. It is interesting to note that the observed specific heat

even exceeds the equilibrium value at intermediate frequencies, but then falls back

to Ceq as the frequency approaches zero. It is not possible to obtain MDSCdata

for a frequency lower than 0.0628 rad/s (Period = 100 s), but this trend is clearly

displayed by values calculated from Fourier analysis of the pulsed data. Similar

trends are seen for all the polymer samples, as displayed in Figures 3.17 (page 76)

through 3.20 (page 77).

There is a caveat inherent in the Fourier analysis of pulsed data because the

accuracy of the results obtained at a selected frequency is strongly aff"ected by the

data sampling rate during the experiment. Vratsanos [6], while explaining his impulse

viscoelastic method, points out that for a given data collection rate, the properties

calculated at the lowest frequency will be the most accurate. As a general rule, it is

recommended that the collection frequency should be at least ten times larger than

the highest frequency to be calculated. Wecollected data at a sampling interval of

2 seconds, which certainly satisfies the above criterion for the highest frequency of

0.2094 rad/s used in the MDSCexperiments.
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Figure 3.17 Frequency dependence of normalized complex specific heat of PC

0 0.05 0.1 0.15 0.2 0.25

Frequency (rad/s)

Figure 3.18 Frequency dependence of normalized complex specific heat of PS

76



1.2

0.25

Frequency (rad/s)
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Figure 3.20 Frequency dependence of normalized complex specific heat of PMMA
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Second subtlety in these calculations, a. pointed by Vratsanos, requires that the

input pulse duration should be a non-integral multiple of the sine or cosine waves of

the chosen frequency to yield non-zero values of the Fourier sine and cosine integrals.

This is true for a perfectly square input pulse; a condition not seen in our input

temperature pulses.

The observed trend of the normalized |C(u;)| deserves further attention. First, the

values at high frequencies are smaller than their equilibrium values; a result clearly

counter to intuition, as well as to the prediction of most models of viscoelasticity

based upon spring (energy storage) and dashpot (energy dissipative) elements. For

example, a standard linear solid represented by a Maxwell model (Ej, n) in parallel

with a spring (E2), has a limiting modulus equal to E, + E2 as the frequency of

oscillation approaches infinity, a value greater than its equilibrium modulus E2.

Other configurations of springs and dashpots must similarly yield a modulus higher

than the equilibrium modulus at high frequencies.

If, however, inertial effects in the form of a mass (M) are added to the series

configuration of the above Maxwell element, then for overdamped conditions, the

modified solid could have a lower limiting modulus. Farris [18] has shown that a

Maxwell element to which a mass has been added, exhibits a classical overdamped,

critically damped and an underdamped response depending upon the system

parameters E, M and r. In the overdamped case, the time dependent modulus is

a sum of decaying exponentials, with pre-factors of opposite signs. At long times,

therefore, the response of this system is same as that of a simple Maxwell element.

When such an element is added to a spring in parallel, as in the case of a standard

linear solid, the resulting overall modulus at high frequencies could be lower than

the equilibrium value.
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The response to the input thermal energy, therefore, can be interpreted in terms

of storage, dissipation and inertial effects. The observed frequency dependent nature

of the specific heat of an otherwise thermally "elastic" material, such as copper or

sapphire, can be ascribed to the inertial effects introduced by thermal lags between

the heating block and the sample chamber inside the calorimeter. Specific heats

of the glassy polymers (PC, PMMA, PS) and semi-crystalhne PET show similar

trends with frequency. While it can be postulated that polymer samples may exhibit

a dissipative thermal behavior owing to their long chain structure, a lack of chain

mobility in the glassy state does not provide any support to the argument. The

observed frequency dependence is perhaps most likely due to inertial effects arising

from thermal lags inherent in the instrument. Even above the glass transition

temperature, a coupling of dissipative and inertial effects is likely to govern the

thermal response of the material. Indeed, average relaxation times calculated from

moment analysis of pulse data in accordance with equation 3.11 range between

100-200 seconds for all samples.

ase

ive

Another interesting feature of the Fourier analysis is that the tangent of the ph

shift between the input and the output calculated according to equation 3.7 is negati

for all samples and approaches zero at low frequencies as shown in Figure 3.21.

This implies that the phase shift is greater than 7r/2; an observation which further

supports our conclusion that the inertial effects dominate the time dependent

thermal response of the material. This is also shown by the Lissajou plots between

the heat flux and the time derivative of temperature {dT/dt) in Figure 3.22 (page 80)

obtained from MDSCexperiments on sapphire. The orientation and the direction of

rotation of the ellipses indicate a phase difference greater than 7r/2 between the two

quantities.
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MDSCdata available on polymers in the literature is typically analyzed either

by Reading's [1] reversing and non-reversing heat flow method, or by Schawe's

[4] complex heat capacity approach. Schawe has correctly pointed out that the

interpretation of the non-reversing flow in terms of relaxation processes in the

material is inherently confusing because it is arrived at by comparison of two

fundamentally different quantities, i.e. the average heat flow and the oscillating

heat flow. His complex heat capacity approach is analogous to linear viscoelasticity

excluding the inertial effects. However, the physical meaning, if any, of the out-of-

phase heat capacity remains elusive, and unlike the mechanical loss modulus, the

out-of-phase "loss" heat capacity cannot be linked to the average amount of energy

dissipated in each cycle. The assignment of a peak in the out of phase heat capacity

to glass transition temperature, therefore, cannot be justified based on a purely

phenomenological point of view. The step change in the equilibrium specific heat

is, of course, a real manifestation of a second order thermodynamic transition and

could easily be determined by our pulsed DSC approach without any temperature

modulation.

ass
Frequency dependence of specific heat, especially in the vicinity of gl,

transition, is not a new concept in thermal analysis of materials, and has been

studied by Birge and Nagel [19, 20, 21] and several other researchers [22, 23, 24].

A theoretical justification for this concept has been provided based on fluctuation

dissipation theorem [25]. Using a novel wide frequency specific heat spectrometer,

Birge and Nagel measured the product Cp/c (specific heat and thermal conductivity)

during the vitrification of glycerol and propylene glycol in the vicinity of their glass

transition temperatures. Changing the geometry of the heater-thermometer in their

experiment, they concluded that the frequency dependence of the above product
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arises primarily from specific heat. The design of the heater is required to be such

that the thermal diffusion wavelength is much greater than the thickness of the

heater and much less than its lateral dimensions. These requirements insure that the

heat flux is one-dimensional and that there are no thermal lags between the heater

and the liquid. In this manner, the true dynamics of the decaying relaxations of the

liquid are measured as it turns into a glass.

These results have thus shown that the issue of thermal lags in the instrument is

an important one. In addition, a close look at the design of the DSC cell confirms

the suspicion that the geometric constraints described by Birge and Nagel are seldom

satisfied. As a result, there are possibly multiple heat fluxes in the sample that

may introduce an apparent frequency dependence in its response to the imposed

temperature perturbation. These hypotheses need to be further investigated by

looking at the effect of sample thickness.

3.5.5 Pulsed DSCon Acrylic Blends

Constant Temperature Experiments

In the first set of pulsed experiments on the pure hard and soft phases and the

blend with 50% hard phase, a series of temperature pulses of varying magnitudes

and durations were introduced at a constant temperature. Figures 3.23 (page 83)

through 3.25 (page 84) show the results of these experiments at -50 ^'C (glassy state)

and 60 °C (rubbery state). Once again, the linear dependence of the area under the

enthalpy-time curve with that under the temperature-time curve is preserved over

a large range of input pulse areas. The equilibrium specific heats in the glassy and

rubbery states is calculated by the slope of a linear regression forced through the
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origin from this data. Table 3.2 summarises the values of glassy and rubbery specific

heats.
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Figure 3,23 Results of Pulsed DSC experiments on pure soft phase at -50 and

are

The change in specific heats through the glass transitions of the pure soft and

hard phases are 0.1439 and 0.1801 J/g °C respectively. It is interesting to note

that the corresponding values obtained from MDSCexperiments of section 3.5.2

higher at 0.1977 and 0.2664 J/g °C respectively. The influence of the measurement

frequency and cooling rate of the MDSCexperiment on the values of specific heats

is quite evident in these higher values.

Experiments through Tg

Figures 3.26 (page 86) through 3.28 show the variation of specific heat as a

function of temperature as the sample is cooled from a rubbery state to the glassy

state through its Tg . Each data point on the pulsed DSC profile is a result of a
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Figure 3.25 Results of Pulsed DSC experiments on pure hard phase at -50 **C and
60 °C .
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Sifblendf
''''''

'

^""^ experiments on

Material Glassy Ceq Rubbery Ceq
0% Hard
50% Hard
100% Hard

1.2097 ± 0.008

1.0779 ± 0.019

1.1166 ± 0.012

1.3536 ± 0.0039

1.3697 ± 0.008

1.2967 ± 0.012

single pulse at that temperature. Also shown is the corresponding result from the

MDSCexperiments. A smooth curve through the pulsed DSC data points in each

case enables the estimation of a mid-point Tg by the half-width method.

These figures show that the change in specific heat through the glass transition

is very accurately provided by the Pulsed DSC data. Further, both the mid-point

Tg and the specific heat obtained from Pulsed DSCare lower than the MDSCresult.

Pulsed DSC, therefore, provides a rate-independent result which can be obtained

from MDSConly in the limit of zero heating (or cooling) rate and zero frequency

3.6 Summary

A detailed thermal characterization of the acrylic based latex blend films has

been carried out. These blends degrade rapidly at approximately 350 °C . Reversing

heat flow profiles from modulated differential scanning calorimetry (MDSC) show two
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Figure 3.26 Specific heat as a function of temperature for the pure soft phase measured
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Figure 3.27 Specific heat as a function of temperature for the pure hard phase mea-
sured by Pulsed DSCand MDSC.
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Figure 3 28 Specific heat as a function of temperature for the 50% hard phase blendmeasured by Pulsed DSCand MDSC.

distinct glass transition temperatures corresponding to each of the pure components

indicating phase immiscibility. A normalized change in specific heat at for each

component in the blend with respect to that in the pure form, indicates partial

miscibility arising from segmental inter-diffusion across the particle interface. A

slight loss of this miscibility is seen at compositions around 50% hard phase, which

corresponds to a matrix inversion from a soft to hard phases through a co-continuous

phase morphology. The Tg of the hard phases is unaffected by the blend composition

while that of the soft phase is depressed as the concentration of the hard phase is

mcreases

A new technique of Pulsed DSC is introduced for equilibrium and frequency

dependent thermal characterization of materials. Based on moment analysis, the

only requirement of this technique is that both the input temperature pulse and the
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output enthalpy change return to their initial unperturbed state, which enables the

estimation of equilibrium specific heat from the areas under the input and output

data with respect to time. Results from experiments on a variety of materials

including metals, amorphous and semi-crystalline polymers show that the specific

heats calculated by this method are lower by as much as 10-15% than those reported

in the literature. Modulus of complex specific heat calculated by the Fourier analysis

of pulsed data is lower than the equilibrium specific heat at high frequency, and

approaches the equilibrium value in the limit of zero frequency. These observations,

further supported by phase lags between input and output exceeding 7r/2, indicate

that inertial effects arising from thermal lags inherent in the calorimeter dominate

the frequency response of these materials, and that it is not possible to interpret the

out of phase specific heat entirely in terms of dissipative relaxations of the molecules.

Constant temperature Pulsed DSCexperiments on the blends, as well as those

through their Tg
, again show that the specific heats measured by MDSCare

higher due to the influence of measurement frequency and the cooling rate. The

variation of specific heat through Tg is very accurately measured by the Pulsed DSC

method which also results in lower values for the glass transition temperatures. This

technique, therefore, provides the rate-independent data which is not dependent on

any kinetic factors.
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3.7 Nomenclature

Cp Specific heat at constant pressure (J/g °C
)

ACp^^, Normalized Specific heat change for incompatible blends (J/g °C
)

AC^PP Change in specific heat at the glass transition temperature in the blend

(J/g°C)

ACl Change in specific heat at the glass transition temperature in pure component

form (J/g °C
)

Ceq Equilibrium specific heat (J/g °C
)

Cr Time dependent "relaxation" specific heat such that limt^oo C = 0

Cp Average specific heat measured in a DSC or MDSCexperiment conducted at a

heating rate of /?( °C /sec)

C* Complex specific heat

C In-phase component of complex specific heat

C" Out of phase component of complex specific heat

|C| Modulus of the complex specific heat

H Enthalpy (J/g)

Kc Heat Capacity constant obtained from sapphire calibrations in MDSCexperiments

T Temperature ( °C
)

To Initial Temperature in a MDSCexperiment( °C
)
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Ta Amplitude of modulated temperature in MDSC

Tg Glass transition temperature ( °C
)

ATg Width of glass transition temperature ( °C
)

ATg^,, Normalized width of the glass transition temperature for incompatible blend

(°C
)

ATJPP Width of glass transition for component i in the blend ( °C
)

AT^_ Width of glass transition for component i in pure form ( °C
)

t Time (s)

Wi Weight, fraction of component i in the blend

Greek Symbols

/?o Heating rate in a DSCor MDSCexperiment ( °C /sec)

^ Dummyvariable used in convolution integrals

r Relaxation time (s)

y thermal Thermal viscosity (J/g°C .s)

(/> Heat flux measured in a DSCor MDSEexperiment (W/g)

(j^a Amplitude of oscillating heat flux measured in a MDSCexperiment (W/g)

(l)dc Average heat flux in a MDSCexperiment (W/g)

(l)rev Reversing heat flow in MDSC(W/g)
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<f>nonrev Non-rcversing heat flow in MDSC(W/g)

V? Phase shift (rad)

uj Frequency (rad/s)

uo Frequency of modulation in a MDSCexperiment (rad/s)
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CHAPTER4

EFECTOF MOISTUREABSORPTION

ONPROPERTIES

The absorption of moisture, from liquid as well as gaseous states of water,

is known to strongly influence the properties of many polymeric materials. Both

natural and synthetic polymers experience a significant plasticization eff"ect in the

presence of absorbed moisture, the degree of plasticization being much greater in

materials where water molecules can be involved in specific interactions in the form

of hydrogen bonding.

This chapter presents the effect of moisture uptake on the properties of acrylic

based latex blend films. The presence of amphiphilic surfactant molecules in the

finished latex film, and the availability of carboxyl ester functionality in the acrylic

copolymers is expected to result in significant uptake of water. The objective of this

chapter is to quantify the water uptake of the blend samples as a function of their

composition, in terms of the hard component, and to measure its effect on their

mechanical properties.
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First, in section 4.1, a complete and independent, study done earlier on

regenerated Bombyx man silk fibroin films is presented. This part has been

published in the Journal of Applied Polymer Science (Volume 63, p401-410, 1997),

and provides a good background as well as data for comparison.

Later, section 4.2 on page 113 presents the data on latex blend films. These two

completely independent systems highlight major differences in the role of absorbed

moisture in polymers.

Key words
: Latex blend coatings; moisture absorption; Bombyx mon silk

fibroin; relative humidity; plasticization; glass transition temperature; effect on

mechanical properties.

4.1 Effect of Moisture Absorption on the Thermal

Properties of Bombyx mori Silk Fibroin Films

4.1.1 Abstract

Films of regenerated Bombyx mori silk are strongly affected by absorbed moisture,

a phenomenon studied here by differential scanning calorimetry (DSC). Exposure of

previously dried films to environments of controlled relative humidity produces test

samples of well-defined equilibrium content. Ultimate moisture uptake is as high

as 20-23% (by weight) at 75% relative humidity. The glass transition temperature,

Tg
,

drops by 40 °C at moisture uptakes as low as 2%, and Tg depressions as large

as 140 °C are observed at higher relative humidity. The moisture-induced decrease

of Tg is completely reversible, as a film remoistened and then redried possesses
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an unchanged T,
. Trends in T, with water uptake correspond reasonably well to

predictions of a classical thermodynamic theory, indicating that the plasticization

effect of moisture on the combined silk-water system can be satisfactorily explained

from macroscopic properties of the constituents without any reference to specific

interactions

4.1.2 Introduction

The unusual physical and chemical properties of silk fibroin have recently

captured considerable attention from the polymer community, with much of the

interest stemming from the unique m vivo processing of silk polymers by organisms

such as Bombyx mori and A. Penyi [1, 2, 3, 4]. These organisms process fibroin,

a moderately concentrated mixture of silk and sericin, a coating protein, at mild

temperatures, producing fibers with many desirable mechanical properties. During

the in vivo processing, silk molecules undergo a morphological transition from a

soluble, random coil/a-helix conformation to an insoluble, /3-sheet structure, the

transition presumably driven by the loss of water and/or the application of shear

and tensile stresses [5, 6]. Among the useful properties of silk from silkworms and

spiders are high modulus (1-30 GPA), high strength (~ 100 MPa), high elongation

to break (10-30%), and high energy to break (~ 10'^ J/g) [5]. Inherent fiber strength

and toughness, combined with solvent-free and low-energy processing, provide ample

motivation for detailed mechanistic studies of silk spinning; researchers have probed

the natural spinning process [5, 7, 8, 9] and devised in vitro methods to spin

controlled monofilaments from regenerated silk solutions [10].
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Moisture exerts a significant, and often deleterious, effect on the physical

properties of hydrophilic polymers. For example, as moisture content increases

from 0 to 20% by weight, the glass transition temperatures of collagen, elastin and

cellulose decrease by approximately 200, 145 and 260 °C respectively [11]. Gelatin,

another hydrophilic polymer, absorbs as much as 22% moisture at 75% relative

humidity, with both tensile modulus and yield strength dropping with moisture

content and the elongation to break rising [12]. If a sample of any of these materials

is volumetrically constrained during moisture uptake, large mechanical stresses

develop, and catastrophic failure may ensue. Likewise, exposure of unconstrained

samples to variable ambient moisture can produce large dimensional changes. The

dimensional change of human hair, for example, permits the deployment of hair as

a sensory element in humidity measuring instruments. Exposure to moisture affects

the properties of epoxies and nylons in a comparable manner [13, 14, 15, 16, 17].

Given the similarity in composition between silks and nylons, analogous

alterations of physical properties in response to moisture uptake might be expected.

Although the existing literature provides a large sampling of data on the properties

of silk fibroin, the influence of absorbed moisture has not been addressed in as much

detail as for nylons. The aim of this study is to quantify the effect of moisture on

the thermal properties of regenerated silk. It examines the moisture sensitivity of

the glass transition temperature in detail and compares the measured trends to the

predictions of a phenomenological theory derived from classical thermodynamics.
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4.1.3 Background

Several c.ual.tative n.o.lels for the interaction of water with hydrophUu- poly.n.r.
have been reported in the ht<..atu,. [12]. These models generally hypothesize tha.

water molecules are either bound to specific polyn,er chain sites or free to disperse

themselves homogeneously throughout the amorphous polynuM- matrix. York [18]

listed three mechanisms by which water could be held in a poly„u.r system: (1 ) as

monomolecular layers bound to the surface (adsorbed moisture), (2) as .solated

molecules distribute.! interr.ally, either bound or free (absorbed moisture) and

(3) as multimolecular layers (condensed moisture). Recently, Jelinski [19] et al.

demonstrated via quadropole echo deuterium nuclear magnetic re- onance (NMR).
the presence of a specific interaction between water and an epoxy. Water molecules

were observed to jump from site to site at a characteristic frequency. Although

unable to pinpoint the type of interaction involved, Jelinski et al. did not find

evidence for either bound (residence times greater than lO'^ s) or free (spin-lattice

relaxation time comparable to pure water) water.

These sorts of studies, although valuable for their insights into the water-matrix

interaction, offer light guidance toward a quantitative understanding of the influence

of moisture on physical properties. Therefore, to interpret the current thermal

data, a classical thermodynamic theory for the compositional dependence of T in

a polymer-diluent system is used. The glass transition of polymers has often

been modeled as a second-order thermodynamic transition obeying the relations

developed by Ehrenfest [20]. Although arguably not a true second-order transition

due to kinetic limitat ions, discontinuities in the specific heat and thermal expansion

coefficient at Tg are reminiscent of such transitions. The ad hoc assertion of a second

order transition at Tg greatly simi)Iifies the interpretation of data in this study.
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Several semi-empirical expressions predict the

Tg [21, 22, 23]. In most cases, the;

compositional dependence of

•se expressions en>erge from analyses that assu ine
adclitivity of both volume and entropy. One of the

is that by Couchman and Karasz [24, 25] as follows:

more widely applied expressions

T,

T
TK 1

X,AC,„ + .V^ACk (4-1)

where subscripts 1 and 2 refer to the polymer ar,d diluent, respectively, while X is

the weight fraction, and AC, is the incremental heat capacity change at T, . If the

two pure component transition temperatures do not differ greatly, the above relation

simplifies as follows:

' ;^iACp, +X,ACp, (4.2)

When these equations have been tested against experimental data [14, 15, 16,

17, 26], satisfactory agreement has generally been noted. Based on this success, the

current data is analyzed using equations 4.1 and 4.2.

4.1.4 Experimental

Materials

Untreated silk cocoons were obtained courtesy of Prof. Y. H. Huang (Guangzho

Institute of Chemistry, China) and stored in a refrigerator prior to use. Hydrated

crystalline lithium thiocyanate (LiSCN.xH^O), sodium carbonate, and sodium

dodecyl sulfate (SDS) were purchased from Aldrich Chemical, Fisher Scientific
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and Polysciences Inc. respectively. Solution dialysis was performed in Spectrapor«
dialysis tubing from Thomas Scientific.

Sample Preparation

Guided by a literature procedure, regenerated sill< films were prepared from
untreated cocoons via the following steps.

Degumming of Silk Cocoons were cut by scissors into pieces approximately i in.

long, and approximately 5 g of these pieces were boiled for 1.5 h in 100 mLof distilled

water containing 55 mg sodium carbonate and 300 mg SDS. The insoluble silk was

then removed from the boiling liquid, wrung out, and rinsed thoroughly in warm
distilled water, steps that facilitated the removal of the more water-soluble sericin

fraction. Next, the recovered and still damp silk was boiled in 100 mL of distilled

water containing 21 mg sodium carbonate for 1 h. The silk was again removed and

rinsed with warm distilled water. Finally, the silk was soaked in 30 mL of methanol

for 0.5 h. The purified silk was left to dry overnight in a laboratory fume hood.

Preparation of Silk Solution The product of the first procedure was solubilized

in aqueous 9.0 M LiSCN solution, although initially turbid, this mixture became

clear after 3 h when kept in an oven at 60 °C . Returning the solution to room

temperature, the clear silk solution was dialyzed against distilled water for three

days, with the dialysate replaced every 24 h. Finally, the solution was filtered

through 0.45 ^m syringe filters from Millipore.
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Films Casting and Drying A known volume of dialyzed silk solution at 2 wt%
was deposited in a polystyrene dish and dried overnight in an oven at 50-60 °C .

Subsequently, the dish was transferred to a vacuum oven for additional drying at

50 °C for 2 h. Cut into small pieces and placed in aluminum pans, the silk was

again dried in a vacuum oven for 2 h, in this instance, at 150 °C . Though not

independently confirmed, it is assumed that the final dried films had a negligible

moisture content. Films were translucent, yellowish white, void free but brittle, and

and easily redissolved in water.

Measurements Dry film samples were exposed to controlled relative humid-

ity (RH) in homemade proximity equilibration cells (PECs) [27, 28], using saturated

salt solutions to regulate RH in the vapor phase above the films [12, 29]. Table 4.1

on page 102 lists the specific salt solutions and humidities examined, and Figure 4.1

on page 103 provides a schematic of the PEC design. Silk films deposited in the

cells were equilibrated at constant RH for one to two weeks, with weight change

periodically monitored by a Sartorius balance sensitive to 0.01 mg. The system was

considered to have reached a steady state when the weight change was within ± 3%.

This was also the maximum spread in the moisture content values. The temperatures

of the PECs fluctuated with the local laboratory temperature, approximately in the

range of 23-26 °C ,
well within the applicable span of RHvalues for the salt solutions.

After heremetic sealing of the aluminum sample pans, differential scanning

calorimetry (DSC) thermograms were recorded at 20 °C /min, unless otherwise

mentioned, using a DuPont DSC2910 calorimeter. The DSC cell was maintained

under nitrogen flow (70-80 mL/min) during these scans, and temperature calibration

relied on an indium standard. To estimate the glass transition temperature, Tg
,
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Table 4.1 Relative humidities generated by saturated salt solutions in the given tem-
perature range.

Salt Solution Relative Temperature
Humidity Range

(%) (°C)
Lithium Chloride 12.9 ± 2.4 15-90
Potassium Acetate 16.5 ± 3.2 25-40
Magnesium Chloride 31.7 ± 1.9 25-70
Sodium Iodide 38.0 ± 2.0 5-45
Potassium Carbonate 41.5 ± 3.6 15-70
Calcium Nitrate 51.0 ± 2.0 10-30
Magnesium Nitrate 54.0 ± 2.0 15-25
Potassium Iodide 69.0 ± 2.0 5-30
Sodium Chloride 75.9 ± 1.3 15-100
AmmoniumSulfate 81.0 ± 1.0 10-40

Barium Chloride 90.0 ± 2.0 5-25
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Figure 4.1 Schematic sketch of the proximity equilibration cell (PEC)

a half-width method was applied to a plot of heat flow versus temperature. After

cell calibration with sapphire standard [30], the same plots yielded the specific

heat change ACp associated with Tg . For fully dried silk, preliminary DSC

runs ascertained the following values for Tg and ACp : 179.18 °C and 0.66 J/gK,

respectively. Corresponding values for water, 134 K and 1.94 J/gK, were taken from

the literature [17, 31, 32]. Thermal degradation of the silk samples was examined by

a DuPont thermogravimetric analyzer TGA2950 operated at either 10 or 20 °C /min.

The furnace and balance sections of the TGA2950 were continuously purged with

nitrogen.
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4.1.5 Results and Discussion

Figures 4.2 (page 105) and 4.3 present the DSC and thermogravimetric

analysis (TGA) thermograms for a fully dried silk film. The DSC thermogram

reveals three thermal transitions: a glass transition at 179 °C , a small exotherm

at 220 °C
,

and a broad degradation peak roughly centered at 264 °C . These

transition temperatures agree with literature values for silk [2]. The exothermic peak

has been ascribed to conformational changes accompanying silk's transition from

random coil/a-helix to (3-sheet. The 5% weight loss inferred from TGAas the film is

heated beyond 260 °C supports identification of the corresponding DSCendotherm

as a degradation feature. As indicated in Figure 4.4, TMAprofiles from successive

heating and cooling cycles below Tg provide an average thermal expansion coefficient

of 54.4 //m/m °C . These curves have been vertically shifted by an arbitrary value to

enhance clarity. During a final heating to higher temperature, an abrupt increase in

this coefficient is noted at 172 °C , a value consistent with the Tg measured by DSC.

Figure 4.5 on page 106 shows the moisture absorption isotherm for dry silk films.

Steady state moisture uptake is as large as 20.5% for a sample kept at 75% RH.

Error bars summarize inaccuracies that can be traced to the weight measurement

and/or film nonhomogeneity. These films clearly have a high aflnnity for water, with

uptake rising almost exponentially in RH.

As demonstrated in Figure 4.6 on page 108, the general appearance of the DSC

thermograms depends strongly on RH. The curves have been shifted vertically along

the y-axis by an arbitrary value to enhance clarity. Exposure of a film to 13% RH

increases the moisture content to 1.8% and lowers the Tg by approximately 40 °C .

As expected, the same trend in Tg continues at higher RH. The transitions at 19%
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Figure 4.3 TGA thermogram of dry silk film at 20 /min under nitrogen
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RH and 33% are broader than at other RH values, and a careful examination of

the two relevant curves detects a weak exothermic fluctuation near the center of

the transition range. Although the other data sets also display a weak exotherms

(in these cases, however, immediately after T, ), their transition remain sharp and

pronounced with clear onset and end points. Possible ambiguities in the onset

and end points, especially at the two troublesome RH values, account for the

size of the Tg error bars in the next figure. The shapes of the thermograms are

entirely reproducible, implying that the differences in thermogram shape displayed

in Figure 4.6 can be traced solely to RH. Above Tg
, the relatively high specific

heat of water explains the noticeable endothermic trend. Indeed, an endothermic

peak can be discerned for the sample with the highest moisture content (20.5% at

75% RH) due to evaporation of water. This sample possesses a Tg of 39 °C
,

nearly

140 ''C lower than that of the dry sample.

A comparison of the experimentally observed Tg behavior with that predicted

from equations 4.1 and 4.2 is presented in Figure 4.7 on page 109. To within

experimental error, the data correspond reasonably well to the theoretical predictions

of equation 4.1 (curve A). As expected, equation 4.2 (curve B) does not predict

the experimentally observed results as adequately because of the large Tg difference

between the two components. A closer examination of the data suggests that the

Tg drops and then saturates with moisture content somewhat more rapidly than the

Couchman and Karasz expression suggests. However, given the simplicity of the

model and the wide range of moisture contents of the silk films, the overall accord

between theory and experiment is quite satisfactory.

Effects of moisture on these samples are completely reversible, as shown with

the DSC thermograms in Figure 4.8 (page 110). The film exposed to 75% RH, a wet
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Figure 4.7 Effect of moisture absorption on the glass transition temperature (Tg ) of

silk films compared with theoretical predictions. Curve A: eq 4.1; Curve B: eq 4.2.
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film, provides a T, of 39 °C and an endothermic water evaporation peak. A second

sample of the same wet film, dried at 150 °C for 2 h, exhibits a T, close to that of

the original dry film (175 °C vs 178 °C ).

o
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from 150 °C

1" heat
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Figure 4.8 DSC thermograms of silk film exposed to 75 %RH

Figure 4.9 on page 111 presents the TMA thermograms for a film exposed to

75% RH. Once again, individual thermograms are vertically translated for clarity.

Substantial sample contraction results from the loss of moisture during the first

heating to 150 °C
,

yielding a negative overall thermal expansion coefficient as the

water loss exceeds the normal thermal expansion of silk. The measured expansion

coefficient on a subsequent run becomes positive, reflecting the loss of water, and

much smaller, decreasing to 46.1 //m/m°C during a second heat to 150 °C . The

product film is essentially dry at this stage. However, to effect complete moisture

removal, the sample can be held at this temperature for a longer period, up to 1 h.

When this fully dried sample is subjected to another cooling and heating cycle, the

expansion coefficient is unchanged, as noted from the lower curve. During this third
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and final heating to 200 °C
,

the expansion coefficient abruptly rises beyond 158 °C

This rise confirms that the effect of moisture on thermal properties is completely

reversible.
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Figure 4.9 TMA thermograms of silk films exposed to 75% RH. Sample held at
150 for 1 h after the second cooling cycle and then reheated a third time beyond
the T. g

These experiments show that a significant, albeit entirely reversible, depression

in Tg can be caused by the presence of moisture in regenerated silk films. The

nature of the interaction between water and silk molecules remains unclear, since

this study has measured only macroscopic film properties. Although there are clearly

specific interactions in this system, and possibly disruption of hydrogen bonds by

water, comparable studies on nylon-4, which contains polar moieties similar to silk,

have shown that the role of water in Tg suppression is no different than that of

a miscible diluent in a nonpolar polymer [17]. All of these results are in accord

with further studies [14, 15, 16, 17] that have concluded that the depressed Tg of

polymer-diluent systems can be fully explained by the constituent Tg differences
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regardless of specific interactions or structure. Morphological features, such as

crystallinity and crosslinking, remain important only to the degree that they affect

diluent distribution [17, 26]. Even in this case, the basic Couchman and Karasz

expression needs little modification to explain experimental results. In the present

study, morphological features remain unimportant as samples are always amorphous;

care has been exercised to keep temperatures below those necessary to induce

crystallization to the jS-sheet structure.

These conclusions do not imply that Tg for moisture laden polymers can be

properly explained without an accounting for the specific interaction of water with

the matrix. Indeed, these types of interactions are responsible for the substantial

moisture uptakes observed in hydrophilic polymers. These polymers generally

provide generous opportunities for water to hydrogen bond with the matrix material.

Nonetheless, the impact of these interactions is concentrated in the moisture uptake

alone; knowing this uptake, the Tg behavior can be subsequently explained without

further reference to specific interactions or even the existence of these interactions.

4.1.6 Summary

Water-induced plasticization of regenerated Bombyx mori silk films has been

characterized by probing the depression of Tg with increasing moisture content.

These films have a strong affinity for moisture, and the final moisture content is as

high as 20-23% (by weight) at 75% relative humidity. The reversible depression of

Tg can be adequately explained by a classical thermodynamic theory, indicating that

the plasticization effects need not be ascribed to specific interactions between water

and silk molecules once the equilibrium moisture level is ascertained.
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4.2 Water Absorption by Latex Blend Films

4.2.1 Introduction

The first evidence of the interaction of water with a latex-based film was reported
by Wheeler et al. [33] in 1954, who noticed that a poiy(vinyl acetate) (PVAc) fil

became white and opaque when placed in water and began disintegrating within
few seconds. He attributed this to the presence of poly(vinyl alcohol) (PVOH), which
in the absence of water, forms a stabilizing network between the PVAc particles, but
loses its integrity when exposed to water. The PVAc particles do not coalesce to form
a homogeneous film; rather they are held together by PVOHwhich provides the final

film with reasonably good mechanical properties. Wilkes et al. [34] and C6te et al.

[35] reported similar observations regarding the turbidity of PVAc-PVOH system

and confirmed the presence of a continuous PVOHphase (when present in high

concentrations) with dispersions of PVAc particles by small angle light scattering

and microscopy data.

Bindschaedler et al. [.36] noted that films of cellulose acetate (CA) containing

2-5% sodium dodecyl sulfate (SDS) by weight of CA, turned translucent or white

when soaked in water, and showed dark regions of well-defined shapes under an

optical microscope. These films were prepared with large quantities of plasticizers,

and presumably were homogeneous in bulk due to extensive coalescence of particles.

Unlike the PVAc-PVOHsystem studied by Wheeler et al.
, their system evidently

involved expulsion of SDS from the particle interface and its agglomeration in

separate domains.
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These observations have prompted several researchers to probe the role of

surfactants and emulsifiers in determining the ultimate properties of films obtained

from drying of latices, as they are inevitably present in the final product. Ionic

surfactants such as SDS, for example, significantly affect the water absorption

characteristics of an otherwise hydrophobic latex owing to their amphiphilic nature.

The distribution of such surfactants inside the final film, naturally, has become the

focus of attention among scientists in academia as well as the paints and coatings

industry.

The objective of this work is to quantify the water absorption characteristics of

acrylic based latex blend films and its effect on their mechanical properties. The

original latices are stabilized by ammonium lauryl sulfate (ALS) which is similar

to SDS in its nature and stabilizing action. Although, our focus is not on studying

the distribution of ALS inside these blend films, we propose a qualitative model to

explain the huge water absorption in terms of its distribution inside the bulk of the

films. Weprovide, as a background, a comprehensive review of the literature on the

distribution of surfactant in latex films to lay the ground for the proposed model.

4.2.2 Background

A brief review of the mechanism of the drying process during film formation from

latices is necessary to understand the data on the distribution of surfactant in these

films. According to the commonly accepted model, the drying process involves three

stages : (1) evaporation of water that brings the surfactant stabilized latex particles

in close proximity to each other; (2) coalescence of particles to form a homogeneous

structure and (3) polymer inter-diffusion across the particle interfaces to yield good
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mechanical properties (stiffness, strength, toughness etc.). The particles undergo
large inelastic deformation during the coalescence; consequently homogeneous films

are obtained only above a certain Minimum Film Formation Temperature (MFFT)
when such a deformation is possible. Details of these steps are beyond the scope of

the current study and are available in several excellent reviews [37, 38, 39].

It is evident that the stabilizing surfactant layer on the particles has to collapse

in order to facilitate their close contact and subsequent deformation. This appli

only to the case of low molecular weight ionic surfactants such as SDS and ALS
there are other types of emulsifiers that remain grafted to the polymer particles, and

prevent their coalescence, or form a continuous phase to hold the particles as shown

by Wilkes et al. [34]. Voyutskii [40] suggested, first in 1958, that this desorbed

surfactant layer either dissolves in the polymer resulting in its plasticization, or is

retained inside the homogeneous film as an independent network. Based on a review

published by Bindshaedler et al. [36] and Kientz et al. [41], the following is a

summary of various possible modes of surfactant distribution upon drying of latices :

1. Solubilization of the surfactant in polymer.

2. Exudation of the surfactant to the film-air interface by the flux of evaporating

water.

3. Exudation of the surfactant to the film-substrate interface.

4. Formation of a network due to stratification of the surfactant in the interfacial

regions between the particles.

5. Formation of agglomerated surfactant domains inside the bulk of the homoge-

neous polymer film.
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6. Localization of the surfactant on the surface of the particles that remain discrete

and uncoalesced.

Focusing our attention on ionic surfactants, such as SDS, we find ample evidence

of its desorption from the particles during their coalescence. Using the technique of

FTIR-ATR (Fourier Transform Infra-Red-Attenuated Total Reflection), Zhao et al.

[42] have demonstrated the presence of surfactant molecules at the film-air as well as

the film-glass interfaces for poly(methyl methacrylate-co-butyl acrylate) latex films.

This copolymer has a Tg of around 2 °C , and the films were prepared at 22 °C
;

a temperature certainly higher than the MFFT. Depending upon the wavelength,

the refractive indices of the sample and the crystal (germanium vs. KRS-5) and

the incident angle of reflection, a depth of roughly 1-5 ^m can be probed by this

technique. Zhao et al. monitored the 1/4 bending vibration of the -SO4 group

at 588 cm-^ and followed its normalized absorbance with respect to the a-methyl

band at 755 cm'^ as a function of film aging at both the film-air and film-substrate

interface. Their results clearly showed the presence of surfactant on the film surface

right at the end of water evaporation (stage 2 of the film drying process) in the

film. There is a preferential enrichment of the film-air interface compared to the

film-glass interface shown by higher relative absorbance values for this side. Some of

the SDS is lost on the glass substrate during the peeling of the film, as they verified

later by XPS (X-ray Photoelectron Spectroscopy) and SIMS (Secondary Ion Mass

Spectrometry) [43].

A very extensive examination of the surface enrichment by the surfactant in

latex films has been carried out by Dr. Marek Urban's group at North Dakota

State University using FTIR-ATR and Step-scan Photoacoustic (SSPAS) FTIR

spectroscopy [44, 45]. One of the major advantages of SSPAS is that the sampling
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depth from which the acoustic signal is generated can be controlled by the modulation

frequency of the incident radiation, as it is inversely related to the thermal diffusion

wavelength. A penetration depth of as high as 100 ^m can be probed by selecting

appropriate frequencies of modulation.

In a five part series beginning in 1991, Urban and his co-workers have studied the

influence of copolymer-surfactant interactions [46, 47], nature of the substrate [48],

structure of the surfactant [49] and copolymer composition [50] on surfactant

exudation and particle coalescence. Their work has focussed on latex copolymers of

ethyl acrylate (EA) and methyl acrylic acid (MAA) (T^ = -3 to -5 °C ); stabilized by

a variety of surfactants that included sodium dioctylsulfosuccinate (SDOSS), sodium

dodecylbenzene sulfonate (SDBS), SDS, sodium sulfonate adduct of nonylphenol

ethylene (SNP2S) and nonylphenol ethylene oxide (NP); and dried over a variety

of substrates such as polyethylene, poly(tetrafluoroethylene) (PTFE) and mercury.

Their results again demonstrated the role of polymer-surfactant compatibility (varied

by neutralization of the acid groups), nature of the surfactant (ionic vs nonionic) and

the differences in the interfacial energies at the film-air and film-substrate interfaces.

Amalvy et al. [51] have presented similar evidence based on their examination

of the poly(methyl methacrylate-co-ethyl acrylate-co-methyl acrylic acid) terpolymer

film (Tg = 3.5 °C ) prepared from a latex stabilized with SDS. They report an

equivalent enrichment of both the interfaces with a nearly parabolic distribution

of the surfactant in the film. The incorporation of small quantities of the acid

monomer (~ 2%), they argue, changes the polarity of the system and modifies the

polymer-surfactant compatibility by providing an additional degree of hydrophilicity

at the surface of the particle. In addition, the Tg of the bulk polymer also plays an

important role in the exudation of the surfactant towards the interfaces.
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Juhue et al. [52] examined the surfaces of poly(butyl methacrylate) (PBMA)
films from latices containing 2 wt% SDS, by Atomic Force Microscopy (AFM) and
found hilly agglomerates of the surfactant on the surface. Upon washing with

water, these aggregates disappeared and 10-100 nm wide pores appeared in their

place. Feng et al. [53] observed crystals of SDS on the surfaces of their soft latex

films (copolymers of butyl methacrylate and butyl acrylate; T, of these films ranged

from -33 to 10 °C depending upon the copolymer composition) containing 8.8% SDS.

These structures were not seen in films prepared from surfactant free latices.

A major limitation of these techniques is that few details are available regarding

the distribution of the surfactant, if any, in the bulk of the polymer film. Chesne et al.

[54] examined ultrathin sections taken from the bulk of their PVAc (Tg = 38.6 °C
)

and poly(methyl methacrylate-co-butyl acrylate) (Tg = 19.5 °C ) films prepared

above the MFFTfrom latices stabilized by SDS, using Energy Filtering Transmission

Electron Microscopy (EFTEM). Using an energy filter with a TEM, it is possible to

obtain an element-specific contrast in the imaging electrons arising due to inelastic

interactions with the constituents of the sample. Upon adequate compensation for

the mass thickness contrast, such an image provides unambiguous phase information

based on elemental composition. Application of structure sensitive contrast (SSC)

imaging to the electron micrographs of these samples show rather randomly scattered

bright spots corresponding to the presence of sulfur. Such domains were also seen

at the film surfaces that supported the conclusions regarding surfactant exudation

by ATR-FTIR and AFMstudies. Interestingly, they did not find any sulfur domains

at the film surface, or in the bulk sections, for films prepared below the MFFT.

Apparently, the surfactant remains adsorbed on the particles as they are not able to

coalesce below the MFFT.
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4.2.3 Experimental

Materials and Sample Preparation

Blend films from latices of poly (methyl methacrylate-co-ethyl acrylate) (60/40)

and poly(methyl methacrylate-co-butyl acrylate) (40/60) were prepared by a method

described in section 2.4.1 on page 14. The starting latices contained 0.35 mole%
and 0.17 mole% ALS respectively. The final films were clear and transparent, and

their mechanical properties indicated a significant degree of inter-diffusion across

the particle interfaces. Following the terminology outlined in chapter 2, the first

copolymer latex will be referred to as "hard" (T^ =: 45 °C ), and the second as

"soft" (Tg = -5 °C
)

in the subsequent description. The composition of the blend is

always expressed in terms of the volume fraction of the hard phase.

Measurement of Water Absorption

The blend films were first dried in a vacuum oven for two days at around 80 °C to

remove residual moisture. Next, these were immersed in distilled water in a glass

vial, and the change in weight was monitored regulariy for a period of 8 months

while the samples remained soaked in water at room temperature (20-25 °C ). The

surface of the wet sample was first wiped dry with Kimwipes®, and then its weight

measured with a Sartorious balance sensitive to 0.01 mg. A set of five different

samples were studied for each of the blend composition that ranged from pure soft

to pure hard phase in increments of 10-20% hard phase.

A second set of moisture absorption study was carried out in the Proximity

Equilibration Cells (PECs), shown in Figure 4.1 on page 103 to measure the
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absorption of moisture from gas phase at room temperature. Relative humidity (RH)
inside the PECs was controlled using the saturated salt solutions listed in Table 4.1

on page 102.

Scanning Electron Microscopy

Freeze-fracture surfaces of wet samples were examined using a JEOL 35CF Scan-

ning Electron Microscope (SEM) at a magnification of 5400X. Higher magnifications

caused extensive beam damage of the material at 20kV beam voltages. Samples

were coated with gold in a Polaron sputter coater after evacuating the chamber with

vacuum for 20 min. Samples were subsequently transferred to the sample chamber in

the microscope. The sample chamber was maintained under low vacuum of the order

of 10"^ torr. Typical duration of the sample examination was approximately 1 h.

Dynamic Mechanical Testing of Wet Films

Changes in mechanical properties were measured by a DMTAMarklV from

Rheometric scientific in tension mode at 1 Hz with a heating rate of 2 °C /min. All

the calculations of stress and moduli were based on the initial swollen dimensions

of the wet films. Samples were typically 15 mmlong, 2-3 mmwide and 0.1-0.3 mm
thick. Small tabs cut out of a thin aluminum shim were glued to the ends of the

samples by epoxy to prevent their deformation inside the grips. The samples were

equilibrated inside the instrument at -120 °C for half an hour. An initial static force

of 1-2 N was applied which was programmed to decrease as the samples softened

upon heating by maintaining the ratio of static to dynamic force constant at 1.1.

The amplitude of strain oscillation was maintained at 0.05%.
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Measurement of Swelling Strains by TMA

Swelling strains upon exposure to a moist gas were measured as a function of

relative humidity of the carrier gas (nitrogen) in a TMA2940, from TA Instruments,

at 25 °C
.

A small static load of 50mN was maintained on the sample throughout

the experiment. First, any residual moisture was removed by purging the TMA
sample chamber with dry nitrogen (80 mL/min) for a period of 1-2 h. Thereafter,

the purge gas was bubbled through saturated salt solutions to generate a specific

relative humidity before introducing it in the sample chamber. Changes in length

of the sample upon absorption of moisture from the purge gas was monitored at

constant temperature and stress over long periods of time. In the second stage, the

purge gas was switched back to pass through a drier to monitor the desorption of

the absorbed moisture.

4.2.4 Results and Discussion

Water Absorption

These blend films, especially with higher proportions of the soft phase, absorb

large amounts of liquid water as shown in Figure 4.10 (page 123). The pure soft

phase absorbs nearly 100% of its own weight after 8 months compared to a 6% gain

by the hard phase. The weight gain by the other blend films, having an intermediate

composition, lies within these extremes. As shown in Figure 4.11 on page 124,

all of the samples lose their initial transparency and turn white and opaque upon

absorption of water. Even to the naked eye, a slight gradient in the intensity of

the whiteness is apparent as a function of the amount of water absorbed; the pure

soft phase being the most intensely white, whereas the pure hard phase is slightly
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translucent. Another feature of the liquid water absorption by these materials is that

the pure soft phase and the blend with 20% hard phase do not show a steady state in

water absorption even after 8 months. When soaked in water at 65 °C (20 °C above

the Tg
), the pure hard phase absorbs nearly 100% of its dry weight in just 2 weeks,

and becomes as opaque and white as the pure soft phase kept in water at room

temperature. A large amount of swelling is caused by water absorption; the cross

sectional area of the pure soft phase increases by 50% compared to around 10%

swelling in that of the pure hard phase. The soft blends (with less than 50% hard

phase) showed an inward curling of the edges likely due to an uneven absorption

between the film-air and the film-substrate sides of the sample.

These wet films were later freeze dried in a vacuum sublimating unit for a week.

First, the samples were frozen at -70 °C for 5 h in a freezer, and then placed inside

a glass vessel that was connected to the sublimating unit. Measurements of their

weights, after freeze drying, indicate that they return to their original dry weight and

lose all of the absorbed water. Although the pure soft phase, and the blend with 80%

hard phase, lose most of their whiteness upon drying and turn rather translucent,

the remaining blends retain their whiteness in the dry state.

Figures 4.12 (page 125) and 4.13 display a similar trend in the moisture

absorption by the pure soft and hard phases respectively from the gas phase in PECs,

although % weight gain is much lower than that in liquid water. Within the time

frame of this experiment (around 1 month), both of the pure soft and hard samples

absorb similar amounts of moisture, around 5-6 g/100 g dry weight at 100% RH;

however the weight gain has not reached a steady state. From the data shown in

Figure 4.10 on page 123, it is clear that the hard phase is very close to its steady state

value, whereas the soft phase continues to absorb increasing quantities of moisture.
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At lower RH values, these samples reach a fairly steady state ir, their moisture

absorption ir, 1-2 days. At RH values greater than 69%, the samples turn white

and increasingly more opaque. Therefore the minimum amount of water required to

cause whiteness, based on this data, is around 0.6-0.8 g/100 g dry polymer.

10

XI Oh

100% soft phase
Moisture Absorption in PECs

0.1

30 40 50 60 70 80 90 100 110
Relative Humidity (%)

Figure 4.12 Moisture absorption from the gas phase in PECs by 0% hard ph
a period of 1 month

ase over

SEMof Freeze-Fractured Surfaces

A striking difference between the surface morphologies of dry and wet films

clearly shown by Figures 4.14 through 4.16 (pages 127 - 129). A featureless surface of

the pure soft phase in the dry state, for example in Figure 4.14, is filled by large holes

in the wet state. These holes correspond to the space left by water that evaporates

under the vacuum of the sample chamber in the microscope. These holes are several

microns in size and a considerable deformation of the rubbery matrix is clearly

evident in Figure 4.14. Even the pure hard phase is filled by such holes, although
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Figure 4.13 Moisture absorption from the gas phase in PECs by 100% hard phase
over a period of 1 month

much smaller than in the pure soft phase, upon water absorption as displayed in

Figure 4.16 on page 129.

The surface morphology of blends containing increasing proportions of the

hard phase are shown in Figure 4.15 on page 128. Despite the artifacts left by

the cracks during freeze fracture, all of the blends show similar holes arising from

water evaporation. The size of these holes is smaller than those seen for the pure

phases; however a quantitative analysis is not possible since the surfaces were not

microtomed to remove the artifacts introduced during the fracture. The presence of

both phases is also apparent in these figures which show dispersed particles of the

minor phase in a continuous matrix. These particles are in the sub-micron range

and, certainly, much smaller than the empty holes. The opacity of the wet film is,

therefore, due to these large water filled domains present inside the bulk of the film.
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(a) Dry Film

(b) Wet Film

Figure 4.14 SEMmicrographs of the freeze fractured surfaces of dry and wet films of

pure soft phase.
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(a) Dry Film

(b) Wet Film

Figure 4.16 SEMmicrographs of the freeze fractured surfaces of dry and wet films of

pure hard phase.
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Effect of Water Absorption on Mechanical Properti es

There is a significant change in dynamic mechanical properties of the wet

samples (those exposed to Hquid water) as shown in Figures 4.17 (page 131) and

4.18 (page 132). At very low temperatures, of the order of -100 °C ,the soft blends

containing a large amount of water exhibit a higher storage modulus, E' compared
to the hard blends. It is possible that the absorbed moisture freezes into ice and

results in a higher modulus for the composite blend and ice system. Langleben et al.

[55] have reported the elastic parameters of cold arctic sea ice by acoustic methods,

and their results predict a tensile modulus of 10 GPa in the limit of zero brine

content. Using this value for the modulus of ice, a simple rule of mixtures yields a

value around 6.0 GPa for the 0% hard sample (pure soft phase), which in the wet

form can be treated as a 50/50 mixture of ice and polymer. This value is in excellent

agreement with that observed at -50 °C as shown in Table 4.2 on page 133.

As the wet blends are heated, they show a decrease in E' through melting of

water and the glass transitions of each phase. The profiles of E' with temperature

beyond -10 °C are very similar to those obtained for the dry samples as shown earlier

in Figure 2.2 (page 21) in chapter 2, although the absolute values are comparatively

lower. This is partly due to the use of wet cross-sectional area in the modulus

calculations, and partly due to a slight plasticization caused by water. Once the

frozen water melts, its reinforcing effect on the soft blends is lost, and their stiffness

returns to that in the dry state.

The transitions associated with melting of ice and glass transitions of each phase

are better seen in Figures 4.18(a) and 4.18(b). The curves are shifted along the

y-axis by an arbitrary value to enhance the clarity of these transitions. Compared
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Figure 4.18 Loss modulus and taiK^ of wet samples at 1 Hz, 2 ""C /min. Curves have

been shifted along y-axis by an arbitrary value.
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with the dry blends, the wet blends exhibit much broader transitions for the soft

phase due to the overlapping melting of ice. There is a slight plasticization of the

hard phase due to the absorbed water as indicated by lower peak values of E" and
tanS. This is further supported by lower values of E' in comparison to those of the

dry blends as shown in table 4.2 on page 133.

Table 4.2 Comparison of storage moduli from DMTAfor wet and dry blend;

Hard
Phase

%
-130 °C

(GPa)

Wet Blend
-50 °C

(GPa)

s

25 °C

(GPa)

Dry Blends
-50 °C 25 °C
(GPa) (GPa)

0% 6.58 5.01 0.0083 2.02 0.0056
20% 6.41 4.69 0.014
30% 4.83 3.48 0.044 2.16 0.071
40% 2.26 1.64 0.149 2.23 0.209
50% 3.31 2.38 0.385 2.72 0.487
60% 3.06 2.24 0.487 2.83 0.827
80% 4.64 3.34 0.836 3.13 1.75
100% 3.09 2.36 1.032 3.73 2.563

Eckersley et al. [56] studied the plasticization effect of water on surfactant-free

films of poly (butyl acrylate-co-methyl methacrylate) (nearly 50/50 mixture with

slight incorporation of methylacrylic acid) using dynamic mechanical testing. The

addition of different modifiers in their polymerization recipe yielded copolymers with

Tg values around 15 and 30 "C respectively, based on their complex shear modulus

data. Upon immersion in water for 2 months, the final complex shear modulus for

these films was slightly lower than the corresponding dry values; an effect ascribed

to water-induced plasticization of the copolymer. Judging by their data on complex
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shear moduli, a depression of around 5'C in the T, is ascertained. It should be
emphasized that their copolymers were surfactant free, and though they present no
data on the amounts of water absorbed, it is likely that these samples did not contain

significant quantities of free water in discrete domains. In addition, a lack of data at

temperatures lower than the melting point of water, makes it hard to speculate on
the nature of absorbed water in this system. The pla^ticization effect, at best, can
be considered as a minor effect compared with the much more dramatic mechanical

reinforcement by frozen water in our soft blends.

A low temperature relaxation, ascribed to absorbed moisture (57), is seen between

-100 to -120 »C in Figures 4.19(a) and 4.19(b) (page 135). The data is very noisy

in this range due to poor temperature control, and the curves are redrawn after

smoothing the data by a moving window average. There is a slight depression in the

peak temperature for blends with higher water content which indicates the sensitivity

of this transition to water and justifies its association with the behavior of water in

this temperature range.

Figure 4.20 on page 136 shows the swelhng strain for the 100% pure hard phase

caused by moisture absorption from the moist purge gas in the TMA. That there is

no true steady state at high relative humidities is clearly shown by all the curves.

The 0% RH curve shows that the sample undergoes a small creep even at a small

force of 50mN (stress ~ 0.06 MPa). Upon desorption of moisture to the dry purge

gas, there is a residual strain which is not entirely explained by creep. Based on the

freeze drying experiment, the sample retains the voids left behind by the desorbed

moisture upon drying, resulting in a net residual strain. The diffusion of moisture,

therefore, is clearly non-Fickian as the absorption and desorption curves do not

superimpose on each other.
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Figure 4.19 Loss modulus and tanc^ of wet samples in the low temperature range.
Curves have been shifted along y-axis by an arbitrary value.
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A Qualitative Model of Water Absorpti ion

All of the above observations indicate that water exists as an independent

entity within the bulk of the polymer film. Although the carbonyl groups of the

carboxyl ester functionality in the acrylic copolymers provide a potential for specific

interaction with water by hydrogen bonding, this would result in large plasticization;

an effect seen only to a small extent in these experiments. In addition, the size of

such water domains is much greater than the wavelength of light, presumably of the

order of 1 ^m or more, as the wet films appear white and opaque. These domains, in

our view, serve as reservoirs connected to the liquid water outside the film through

channels that provide a pathway for water difl^usion. A continuous addition of water

to this reservoir results in considerable swelling of the surrounding polymer, which if

compliant enough, could expand easily under the hydrostatic pressure exerted by the

water reservoir. If the polymer is above its T, , as is the case for the pure soft phase,

the absorption of water should continue for a long time, hmited only by the modulus

of the material. A lack of steady state for the pure soft phase even after 8 months is

likely explained by this idea. A further support for this suggestions is provided by

the fact that the pure hard phase absorbs only a limited amount of water at room

temperature, but its water absorption is comparable to that of the pure soft phase,

and much more rapid, at temperatures above Tg . Clearly, the only limitation to

the water absorption is the resistance to the diffusion of water into these reservoirs

inside the bulk of the film.

Blend morphology also plays an important role in the ultimate water absorption

by these films. A closer examination of the data in Figure 4.10 indicates that there

is a very sharp decrease in the amount of absorbed water when there is 30-40% hard

phase in the blend. Recalling the conclusions reached regarding the morphology of
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these blends based on their n,echanical properties and SEMn,icrographs in chapter 2,
this composition range corresponds to a transformation of a continuous soft matrix
with dispersions of hard phase, to a continuous hard matrix with soft dispersions.

The analysis of effective blend moduli as a function of composition based on a
percolation concept (see section 2.5.3 on page 25) also implies the existence of a
c^continuous blend morphology in this range. Blends with a hard phase content
in excess of 40% by volume, evidently comprise of a hard matrix which results in a
much lower water content than those with a continuous soft phase.

The main objective of a model to explain this behavior, therefore, is to provide

an understanding of the driving force for the creation of the proposed water

reservoirs inside the material. In the light of the extensive literature review on
the distribution of surfactant presented in section 4.2.2, we hypothesize that even

though the incompatibility and the surface energy argument imply a complete

segregation of the surfactant from the bulk polymer, and its total exudation to the

film-air and film-substrate interfaces, significant quantities remain trapped inside

the bulk. Sulfur imaging data from EFTEMpresented by Chesne et al. [54]

clearly supports this hypothesis. Further, Chevalier et al. [58) have provided a

classic thermodynamic argument to suggest the creation of fragmented surfactant

stabilized hydrophilic domains upon evaporation of water, by the inversion of the

curvature of the surfactant monolayer from the polymer towards the remaining

water phase. Driven by the difference in surface tension with respect to the organic

phase, these domains are finally expelled to form independent droplet like structures

that still contain significant amounts of water. Upon further drying, the water

from these hydrophilic droplets diffuses out of the surrounding polymer phase, and

the previously ionized surfactant precipitates out as a neutral salt to form phase
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separated domains in the bulk of the polymer film. Such structures are stable as the
concentration of the exuded surfactant at the Interfaces of the dried latex film does
not change significantly with further aging [41, 421.

Weextend the ideas of Chevalier et al. to suggest that these islands of the
surfactant salt retain a certain memory of their hydrated past with respect to

the alignment of their hydrophilic head groups. Such relatively ordered structures

are potential reservoirs for the subsequent water absorption in our experiments.

A pathway for water diffusion to these reservoirs is likely provided by traces of

surfactant left in the channels that form along the escape route of water as it

evaporates through the latex during its initial drying stage. Indeed such channels

(or cracks) were seen by Bindschaedler et al. [36) in cellulose acetate (CA) films

upon exposure to water and subsequent drying. They also observed large micron

size pores, after washing with water, at the film surface that was on the air side

during drying of the latex. These pores result from washing away the surfactant that

exuded to the film-air interface during the original drying. Weemphasize here that

these channels, or aggregates of the surfactant, do not imply a presence of voids or

cracks in the material since drying above the MFFTenables the polymer particles

to coalesce throughout all the available space. A clear and homogeneous film is thus

obtained.

Wesummarize these ideas in Figure 4.21 on page 141. Stage I in Figure 4.21

corresponds to the starting latex containing surfactant stabilized polymer particles.

Minor quantities of unreacted monomer, initiator and radicals may be present in

the surrounding aqueous phase as well as the polymer particles. During the drying

process, these unreacted small molecules escape from the latex along with the

evaporating water, and the polymer particles are brought in close proximity to each
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other as shown in Stage II. Upon further loss of water (Stage III), the particles are
brought in much closer contact, and the surfactant molecules begin to desorb from
their surface. A thin water layer carries these desorbed surfactant molecules, and
the counterion pairs, towards the film-air interface. Finally, the surfactant molecules
desorb completely from the polymer particles following their coalescence, and form
salt crystals inside the bulk of the film. Stage IV shows the proposed structure of

the final dry film that contains these independent salt clusters and channels. The
absorption of water occurs by the proposed mechanism through these channels.

A question arises, then, regarding the absorption of water by films prepared

from surfactant-free latices. Feng et al. [59], for example, have reported significant

water uptake values, of the order of 15 wt%, by poly(butylmethacrylate) (PBMA)
and copolymers of poly(methacrylic acid-co-butylmethacrylate) prepared after

removal of the surfactant from the starting latices. Neutralization of the acid

groups in the copolymer by NH3 or NaOHincreased the extent of water absorption.

Results of Okubo et al. [60] on surfactant-free copolymers of ethyl acrylate and

methyl methacrylate also show considerable water absorption and degree of whitening,

which increases further upon post-addition of sodium sulfate, a destabilizing agent;

and decreases on adding an emulsifier, sodium dodecyl benzene sulfate (DBS).

There is evidence of considerable porosity due to particle flocculation and

incomplete coalescence in these systems. The films are clear despite the presence of

interstitial voids indicating a tight packing of particles. According to Okubo et al.
,

the film-air and film-glass interfaces are rich in these porous structures owing to the

formation of a skin in the early stages of the drying process. The mechanism of water

absorption is one due to a capillary action of these pores and voids. This is further

supported by much lower permeabilities of the water vapor in these films [59, 61, 62].
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The presence of ionic neutralizing agents, in tl,e case of Feng et al. (59), leads to

increase in the water absorption by prov.ding sites which could be hydrated by
an

water

In summary, therefore, it is proposed that the surfactant laden blend films

absorb significant amounts of water from the hquid, as well as the gas, phase through
diffusion pathways. The exuded surfactant does not play any role in water absorption

as it is washed away from the surface when the latex film is soaked in water. The
absorbed water accumulates in ordered assemblies of surfactant molecules inside

the bulk of the film by forming a hydrated complex. Water absorption by this

mechanism continues for a long time, limited only by the rigidity of the polymer

film. Upon freeze drying of the wet films, large voids are left behind in the place of

these reservoirs which cause the film to retain its original whiteness. When these

void-filled films are heated, the polymer molecules are able to relax back into the

open space and the films return to their dry transparent state; surface tension within

the voids is a driving force for this recovery.

4.2.5 Summary

Acrylic based latex blend films absorb large quantities of water which results

m significant changes in their appearance and mechanical properties. The extent

of water uptake is determined by blend composition and phase morphology; blends

with large proportions of the soft phase as a continuous matrix absorb much larger

amounts of water compared with those with greater concentrations of the hard

phase. All of the blend films turn white and opaque upon water absorption, but

regain their transparency upon redrying. SEMmicrographs of the freeze fractured
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surfaces of wet films show large holes left behind by the evaporating water. Dynamic
mechanical spectra of wet films indicate a slight plasticization effect; however most
of the water remains separated from the bulk polymer as an independent entity.

A qualitative model accounts for water absorption by diffusion driven pathways

to clusters of surfactant in the material that act as water reservoirs. Hydration

of these surfactant salts by water provide ample driving force for prolonged water

absorption which is limited only by the bulk strength of the polymer. Enlargement

of these hydrated domains due to increasing amounts of water causes them to scatter

light, thereby rendering the otherwise transparent film white and opaque. Water

absorption is completely reversible, as the wet film, when redried above its T
regains its original weight and transparency. Freeze drying of wet samples, however,

yield dry films that stay opaque owing to the presence of large voids left behind by

the absorbed water upon sublimation.
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CHAPTER5

THERMODYNAMICSOF

DEFORMATIONOF ACRYLIC BASED
LATEX BLENDFILMS

5.1 Abstract

This chapter presents the results of the deformation thermodynamics of latex

blend films by the technique of stretch calorimetry. A complete characterization

of their mechanical properties presented earlier in chapter 2 indicated a broad

distribution of stiffness and extensibility as a function of their hard phase content.

Measurement of both work and heat of isothermal uniaxial deformation of these blends

provides the change in their internal energy using the first law of thermodynamics.

A distribution of the input work into heat dissipation and absorbed energy, thereby,

provides a complete description of their thermo-mechanical response.

At 25 ^^C , these blends comprise of a rubbery and a glassy phase, and a

maximum in toughness is seen at 60% hard phase resulting from a simultaneous
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max^ization of heat dissipation and energy absorption. An optimum combination
of stiffness (responsible for energy absorption), and extensibility (responsible for

energy dissipation) yields such a synergistic behavior of the two phases. Above the
glass transition temperatures (T, ) of both phases, the behavior of all the blends
is rubber-like, with only minor variations, and energy dissipation dominates over
energy absorption. At temperatures much lower than the respective T, values, an
opposite distribution of energy may be expected. Optimization of blend toughness,

at a certain level of stiffness, is thus made available by the distribution of input

'

energy into the blend constituents in their respective energy absorbing and energy

dissipative mechanisms.

Key words
: Latex blend coatings; deformation thermodynamics; stretch

calorimetry; blend toughness; heat and work of deformation; internal energy.

5.2 Introduction

Interest in thermal effects arising from mechanical deformation was first

sparked by John Gough [1] in 1805 who reported, among other things, that a

piece of rubber felt warm to the touch upon stretching. Theoretical formulations

of thermoelasticity were subsequently developed by Lord Kelvin [2] in 1857, and

later verified experimentally by his associate J. P. Joule [3, 4] in 1859. Nearly 70

years later, Quinney and Taylor [5, 6] made more precise measurements of heat

capacity changes in metals that had been cold worked in their two step anisothermal

microcalorimeter.

Duvdevani et al. [7, 8] constructed the first modern deformation calorimeter

based on gas thermometry to measure heats of deformation. Later, Calvet and
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Pratt
[9] employed a pile of thermocouples in their micocalorinreter to directly

measure changes in ga. temperature flowing around a sample being deformed, with
respect to an identical reference chamber. Their calorimeter operated on the basis of
the T.a„-Calvet equation [9]. which enables the calculation of heat by deconvolution
of temperature-time data. Godovsky [10] later developed a completely automated
version of the Calvet-Pratt calorimeter with a sensitivity down to 0.2 ^W.

Muller and Engelter developed the first gas pressure calorimeter that used a
compensating scheme to balance the rise in differential pressure of a sealed volume
of gas in the sample chamber by providing an equal electrical heat input to the
reference chamber. Lyon and Farris [12, 13, 14] constructed a modified version that

could measure exothermic a. well as endothermic heat changes upon isothermal

deformation. They showed that the mathematical treatment required to yield

the dynamic heat changes from pressure-time data wa. similar to the Tian-Calvet

analysis of the temperature-time data. Lyon [15] later built another improved and

more sensitive calorimeter which is used in this research.

The power of deformation calorimetry lies in the simultaneous measurement of

both heat and work of mechanical deformation. The change in internal energy of

the material is then calculated using the first law of thermodynamics. Estimation

of the change in internal energy is critical to a fundamental understanding of the

material's response to deformation. Even though different materials such as metals,

elastomers and glassy polymers may show similar stress-strain curves, the underlying

mechanisms controlling their deformation are quite different. Lyon [13] has shown

that elastomers exhibit entropy-elasticity and release heat upon stretching. Also, the

hysteresis in work expended in a closed load-unload cycle is balanced by that in heat,

thereby resulting in an unchanged internal energy. When stretched to large extension
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ratios, these elastomers release a large amount of heat by crystallization which
is absorbed back upon unloading. Calorimetric measurements of Adams |16, 17)

show that both metals and glassy polymers exhibit .imiW behavior in the elastic

range with a endothermic response to applied tension. On the other hand, most
metals show ideal plastic behavior with no change in internal energy at large strains,

whereas the glassy polymers end up absorbing a large fraction of the applied work
which increases their internal energy.

Stretch calorimetric studies reported in the literature thus far have included

measurements on natural rubber [13, 18, 19, 20, 21], segmented polyurethanes [22,

23, 24, 25, 26, 27], thermoplastic homopolymers and glassy polymers [16, 28, 29, 30].

Another unique application of stretch calorimetry has been to demonstrate the gross

over-estimation of strength of adhesion measured by peel testing [31, 32, 33]. It has

been shown that more than 90% of the work of peel testing is either dissipated as

heat or stored as latent energy of deformation.

A natural extension of stretch calorimetry is to the study of two phase systems

such as polymer blends, composites and block copolymers. The present study is a

first effort in this regard that focuses on acrylic based latex blend films comprising of

a hard (T^ = 45 °C ) and a soft {T, = -5 °C
) phase mixed in varying proportions. A

two component system, composed of rubbery and glassy phases, is expected to behave

in a complicated manner involving energy-dissipating as well as energy-absorbing

mechanisms. This is due to the fact that the partition of energy between the hard

and soft phases is the key to its dissipation or absorption by the blend.

In view of the tremendous technological relevance of the toughness of polymeric

materials, a complete accounting of the energy of their deformation becomes a

critical issue. The use of glassy polymers, for example in engineering applications,
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has been severely restricted by their brittle nature which results in catastrophic
fa,lures. Although synthesis and development of novel polymers wUh optimum
sfffness and toughness is certamly possible, Ostromislensky

[34], in 1927. patented
an effecfve method for making toughened polystyrene by polymerizing a solution of
rubber m styrene monomer. After considerable improvements, both in research and
development, that simple strategy has led to mass production of a large class of tough
mater,als; high impact polystyrene (HIPS) and acrylonitrile-butadiene-styrene (ABS)
being the most popular ones. By the end of 1997, US production of polystyrene
had jumped to nearly 6400 million lbs (one third of which is rubber modified) and
that of ABS to nearly 1400 million lbs. (35). Other examples of rubber toughened
systems include polyesters and polycarbonates [36]. poIy(methyl methacrylate) [37],
poly(vi„yl chloride), poly(dimethylphenylene oxide) (38. 39. 40] and epoxies [41].

Notwithstanding the fact that rubber toughening results in a considerable loss of

stiffness and transparency, these materials continue to be used in a large number of

applications - TV and computer casings, automobile bumpers and fenders, appliances

and packaging to name just a few.

Considerable scientific activity has resulted from these developments; not only

due to the technological significance of these materials, but also because they provide

insights into important mechanisms of large scale deformation. Merz et al. [42]

developed the first theory of rubber toughening in 1956 which ascribed the increased

toughness to the ability of rubber particles to hold together the opposite faces of

a propagating crack. Later, Kambour [43, 44, 45, 46, 47, 48] studied extensively

the phenomenon of stress-whitening that invariably accompanies the deformation of

toughened materials and developed a thorough understanding or the mechanism of

craze formation. Bucknall [49] and Smith formulated the theory of multiple crazing
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in 1965, which emphasized the role of matrix polymer in deformation and energy
absorption; the rubber particles merely cause the creation of a large number of small

crazes throughout the matrix. Density differences between crazes and undeformed
matrix introduce a mismatch in refractive indices of the two regions resulting in the

observed whitening of the otherwise transparent matrix.

The contribution to toughness of shear yielding in the matrix was first highlighted

by Newmanand Strella [50] based on optical micrographs of rubber particle distortion

in ABS tensile specimens. Their theory runs into problems because a state of triaxial

tension promotes crazing and fracture, rather than shear yielding, and because it

cannot explain the stress-whitening. Nevertheless, it prompted researchers to study

the interaction of crazing with shear yielding and a combined effect was indeed

observed in a HIPS/PPO blend [51].

Another important mechanism has been observed in rubber toughened epoxy

materials. A state of triaxial stress at the tip of a sharp crack results in the

cavitation of rubber particles which dissipate the bulk strain energy by voiding [52].

The stress concentration at the rubber particles also induces shear yielding, which in

combination with the ensuing cavitation, gives rise to enhanced toughness.

It is evident, therefore, that there are complex, and often interacting mechanisms

at work during deformation of toughened plastics and other similar two ph;

systems. The state of stress at various parts of the combined matrix-filler syst^

extremely complicated and not easily determined. Most theories of toughening are

phenomenological in nature and lack the power of prediction of energy of deformation

over a broad range of blend compositions. Accurate measurements of the distribution

of energy between two phases, as well as the overall energy balance, is a first step

towards developing semi-empirical models of blend deformation. Careful selection
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of blends constituents to obtain the dominance (and even absence) of a particular

mechanism over others, and subsequent comparison of the data for various systems,

therefore, could provide a better understanding of the toughness of these materials.

The following sections describe the theory of operation of the calorimeter and
its calibration. Also presented are the results of stretch calorimetry experiments on
acrylic based latex blend films as a function of their composition.

5.3 Background

5.3.1 Theory of Operation

The deformation calorimeter used to measure the thermodynamics of deformation

of latex blend films operates on the principle of gas pressure calorimetry. In a quasi-

isothermal system, pressure changes, AP{t), in a fixed volume of gas surrounding

the source of heat (such as a material being deformed) with respect to an identical

reference chamber are related to the heat flux [12, 13]:

AP(0 = /'A-«-O^<if (5,)

where A'(^) is a kernel function that is independent of sample and test conditions.

Experimental data has shown that a finite sum (typically one or two terms) of

exponentials can provide a satisfactory description of the transient response [53]:

= ^e-'/^' + ^e-^/^^ (5.2)
C^in C2T2
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where C. and r. are the thermal capacitances and time constants respectively. For a
constant heating rate Q„, and using the Icernel function of equation 5.2, equation 5.1

yields:

i-(l-e-M) + ^(l-e-A^)
(5.3)

which, for long times reduces to:

AP(oo) = 0„(i- + i-^
(5.4,

Figure 5.1 shows a typical differential pressure response to a constant step

heating rate input.

Once the thermal capacitances, C., and time constants, r,-, are known, equation 5.1

is easily deconvoluted using Laplace transforms to obtain the following relationships

for dynamic heat flux and total heat [54]:

Q{t) = (a + f3)AP{t) + pAP{t) - ^ 2' AP{^)e-^'-<y^'d^ (5.5)

Qii) =
^l + /?AP(0 + 7 2' AP(^)e-(^-^)/^'(f{ (5.6)

where a, /?, 7 and r* are constants given by the following:
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inSr
^'^ diff'^'-^nti^I pressure response for a constant step heating rate

(3 =

7 =

r =

C1C2

C1+C2
C1C2T1T2

C'lTi + (^2X2

C'lC'2(n + 7-2)

CiTi -\- C2T2

C\Tx + C2T2

C1C2

ClC2T,T2{C, ^ C2) C1C2

{CiTi -\- C2T2)' C14-C2

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

The total work done on the sample is available from the area under the

force-displacement curve, which for constant velocity, vq, is given as:
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^(0 = Vo f f{t)dt
Jo (5.12)

The change in internal energy is then estimaf^H fr^men estimated from equations 5.6 and 5.12 as:

^U{t) = Q{t) + W{t)
(5.13)

The signs of QH) and W^) are determined by whether energy is being added to
the sample, or removed from it. Thus, Q^) is negative for heat lost to surroundings
(exothermic), whereas work is positive for work done on the sample.

5.3.2 Calorimeter Schematic

Figure 5.2 on page 160 shows the schematic of the deformation calorimeter. The
calorimeter cell block, made out of stainless steel, sits submerged in a temperature

controlled bath. The cell has two identical cylindrical cavities connected across a

very sensitive differential pressure transducer. The cavities are isolated from the

surroundings by valves at the top and by mercury seals at the bottom. Small thin

film samples are installed in the sample cavity using an Invar pullwire that exits the

bottom of the cell through the airtight and frictionless mercury seal. An identical

wire, connected with an elastic spring, is placed inside the reference cavity. Both

of these wires are then attached to a crosshead driven by a motorized screw drive.

Simultaneous movement of the two wires compensates for changes in volume of

the enclosed air as the wires are pulled out of the sample and reference cavities.

Pressure changes due to the dilatation of the sample are negligible in comparison

to the total volume of the enclosed air in the cavity. Thin (~ 100 /zm) polyimide
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effects an.„, . heat., .t.. ,Sa.p,e3 .e .e.^.e. i„ .
^o.e p„„;„, ,He .ppo. .

^^^^^^^^^ ^^^^^^ '^^^^^

A iAVIS model P8 transducer (0.02 nsid for fnll i , n
^

^''^
^^^^ ^^^1^ deflection of 5V) measures

the dilterential pressure; a SONY®OS -^nrGS-30E magnescale (effective length 300 mm)
measures the displacement and a 10 lb. Interface® load cell measures the force on the
sample. The pressure-time and the force-displacement data are thus simultaneously
obtained in a single experiment.

5.4 Calibrations

5.4.1 Electrical Calibrations

Thermal capacitances, C., and time constants, r., are obtained by fitting a two
exponential function to the response measured in a controlled calibration experiment
using electrically generated heat pulses. A test wire of known resistance, supported

by polyester clad copper conductors, is placed in the sample cell and a current pulse

of preset magnitude and duration is passed through it in a simple electrical circuit.

Steady state pressure-time response for long pulses of duration much greater than the

system time constants yields the required thermal capacitances and time constants.

Area under the pressure-time curve, long after the pulse is over, is also linearly

related to the total heat input; the constant of proportionality being a measure of

the total thermal capacitance of the combined sample-instrument system.
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Figure 5.2 Schematic sketch of the deformation calorimeter.
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Table 5.1 Calibration constants calculated kom electrical calibrati ion experiments

Valu
Calibration Paraniet er —
Ttiermal Capacitance {mWJVfx^^
Thermal Capacitance (mW/V),' C2 99^0
Time constant (sec), Ti

'

"^"^f^
Time constant (sec),

Combined Capacitance (mW/Vl a

2.50

44.1

7.172

Figures 5.3(a) and 5..3(b) on page 162 show the data used to determine the
cahbrat.on constant in a typical calibration experiment with a 10 cm long nichrome
wire having a resistance of 12.79 Q and pulse magnitudes of 8-50 mAand durations
of 80 seconds. The slope of a linear regression, forced through the origin, of the
Pressure-time integral vs. total heat, and steady state pressure vs. pulse magnitude
yields the inverse of the overall calibration constant a given by equation 5.7. The
thermal capacitances and time constants for the sample and the calorimeter are

calculated by the best fit of the pressure-time data, and the results are shown in

table 5.1.

It is seen from the calibration data that the linearity of the pressure Response to

the input heat flux is maintained over several decades of the input values. Effects of

the change in length of the sample as it is stretched in an actual experiment on the

calibration constant are simulated using wires of varying lengths. Again, as shown

in Figures 5.4(a) and 5.4(b) on page 163, the calibration constant is not affected by

the length of the heating source.
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Figure 5.3 Pressure time integral and steady state pressure data from electrical cali

bration experiments.
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Figure 5.5 Calculated and experimental input heat profiles

Recalculation of the input heat profile using these calibration constants by using

equation 5.6 yields the original heat profile, as displayed in Figure 5.5.

5.4.2 Calibrations with Natural Rubb er

The electrical calibrations, as outlined in section 5.4.1, enable the calculation

of the dynamic heat resulting from a heat source. In order to get a complete

energy balance, and values of changes in internal energy from equation 5.1.3, we

need to ensure that both heat and work values are correct. This is accomplished by

measuring the heat and work of deformation of an elastic material such as natural

rubber. A rubber band, in the shape of a loop, supported by the Invar pullwires. is

placed inside the sample cell of the calorimeter, and stretched to various extension

ratios and subsequently unloaded back to the original length. Since the overall
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change in interna, energy over t„e complete load-unioad cycle i. .ero, the hy.ere.i.
in work should match exactly that in the heat.

Typical profiles of the differential pressure and the force, in response to the

the extens,o„ rat.o. Initially, there is a s.all exothermic trend, almost at a constant
rate, due to the loss of entropy of the material. At around an extension ratio of 4
there is a sharp rise in pressure ind.cating the onset of strain induced crystallization

Upon holding the sample at the extension ration of 5, the pressure gradually returns
to the baseline value, while the force relaxes to a stable value. Upon subsequent
unloading, there is a protracted endotherm in pressure indicating the melting of

crystals, which is followed by a gradual rise to the original basehne pressure at zero

stretch. As explained by Lyon fl3l there is a mmKir^.f c . , ,J J' u [loj, tnere js a combination of crystal melting and

recrystallization during the unloading of rubber.

Figure 5.7 on page 167 displays the calculated heat, work and internal energy

profiles, normalized by the weight of the sample, as a function of extension ratio. As
shown, the overall change in internal energy over the cycle is nearly zero. During

the loading half, the internal energy reduces by around -5 J/g due to strain induced

crystallization.
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of natural rubber.
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5.5 Deformation Thermodynauucs of Latex Bleiul

Films

5.5.1 Experiments at Constant Strain-Rate at 25 °C

Properties of the Pure Components

Experiments w.r. carried cnt ou dogbone shaped sa.npios (ASTM 0038, TypcV)
prepared by a method explained in chapter 2. Samples were mounted inside

the calorimeter cell using the method described by Ach.,,ns and were left to

equilibrate at the test temperature for at least 5 hours. After equilibration, they

were stretched at a strain rate of 0.9/,nin to an extension ratio close to their break

point determined earlier by Instron. The. soft samplers (0-30% hard phase) could be

loaded only to an extension ratio of 8.4, which is much lower than their ultimate

break point, due to the Tunitation on the total displacement of the crosshead in the

calorimeter. Once the force and pr('ssure signals stabilized at this extension, they

were unloaded back to zero load. The energy valu(>s were calculated over the entire

load-unload cycle and normalized by the weight of the sample b(>tween the grips.

The pressure vs ext(Mision ratio profdes shown in Figures 5.8(a) and 5.8(b)on

page 170, highlight the different nature of the hard and soft pure components. The

pressure values has been normalized by the sample weight for a proper comparison,

and are directly related to the transducer voltage (full scale deflection of 5 V

corresi)on(Is to a differential pressure of 0.02 psi). The deformation of the soft

phase is almost entirely entropic, as the pressure rise upon stretching indicates an

exothermic response to the input energy. Upon unloading, the sample recovers part
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of the lost entropy during stretching as shown by the corresponding endothermic
pressure change.

The pure hard phase, on the other hand, responds to the imposed deformation

in a typical glassy solid-like manner as the differential pressure profile shows
an initial endothermic trend. This is easily explained by equations of linear

thermoelasticity [13] that predict an endothermic response for a material with a

positive expansion coefficient. Once the sample yields, the differential pressure is

exothermic due to energy dissipation during the plastic deformation.

The calculated work, heat and internal energy profiles for the pure soft phase,

as shown in Figure 5.9 on page 171, further highlights the entropic nature of its

elasticity. As the material is stretched, the input work is almost entirely converted

into heat on account of loss of entropy as well as viscous dissipation; the change in

internal energy being slightly negative during the process. Upon unloading, a part

of the work of loading is recovered following a corresponding increase in entropy. A
large residual strain, nearly twice the original length, still remains in the sample at

the end of the cycle on account of inelastic deformation, which mostly corresponds

to viscous flow as it does not show any significant increase in the overall internal

energy of the material.

The endothermic heat response of the pure hard phase, indicating its energy-

elasticity, is clearly seen in the calculated work, heat and internal energy profiles

shown in Figure 5.10 on page 173. The internal energy of the material increases more

than the input work owing to an additional heat absorption from the surroundings

arising from the thermoelastic effect. During the plastic deformation beyond the

yield point, the rise in internal energy is reduced by increased heat dissipation.

These energy values correspond only to the stretching of the material since the
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Figure 5.8 Differential pressure change of the pure soft and hard phases in the

calorimeter at 25 °C at a strain rate of 0.9/min.
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samples failed during the stabilization period at the end of loading. However, these

values are not expected to be much in error even if the unloading half of the normal

load-unload cycle could be included. The recoverable work of unloading after large

plastic deformations is typically quite insignificant in comparison to the overall work
of loading for such glassy polymers. A small exotherm is expected in heat upon

unloading due to the thermoelastic effects; its magnitude, however, is likely to be

much smaller than the heat dissipation during plastic deformation.

In contrast to the pure soft phase, the pure hard phase absorbs a significant

fraction of the input work as an increase in its internal energy. This observation is

consistent with Adam's measurements on glassy polymer [16, 17] that absorb nearly

50% of the input work as additions to their internal energies. When a glassy polymer

is deformed to large extensions, its constituent molecules are oriented along the

stretch direction resulting in a loss of entropy. In addition, a large fraction of the

input energy is stored in the stretched bonds. When the applied force is removed,

these molecules are unable to relax to their original low energy state due to the

glassy nature of the material. The stored energy, therefore, is analogous to a latent

energy of deformation that can be released at high temperatures or by physical aging

over long periods of time.

Godovsky [10] has summarized the various mechanisms by which energy could

be dissipated or absorbed by polymeric materials. These are:

1. Strain induced crystallization and other phase transformations.

2. /nira-molecular conformational changes.

3. Changes in the m^er-molecular environment, such as hydrogen bonding. Van

der Waals attraction, ionic interaction etc.
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4. "Dislocations" of amorphous glasses associated with plastic deformation below

their Tg .

5. intra, as well as, m^er-molecular friction.

6. Creation of new surfaces in the form of crazes and cavities.

7. Bond rupture.

The extent to which these mechanisms influence the overall energy dissipation

or absorption characteristics of a material is, quite naturally, dependent on its

structure and morphology. In the present case, both the pure phases are completely

amorphous; crystalline phase transitions are therefore ruled out. It appears that the

deformation of the pure soft phase primarily results in recoverable conformational

changes and viscous dissipation. The pure hard phase, on the other hand, absorbs a

large fraction of the input work as increase in internal energy.

Properties of the Blends

Blends of these hard and soft components in varying compositions were deformed

in the calorimeter in a similar way, the results of which, are shown in Figures 5.11

through 5.13 (page 175 and 177). Again, the ultimate extension ratio was close to

the break point determined earlier by Instron. Energy values, normaHzed by the

sample weight, are calculated for the entire load-unload cycle.

The work of loading, as shown in Figure 5.11, increases with the extent of

deformation and reaches a maximum for the final extension ratio of loading in

each case. Upon unloading, part of the work, corresponding to reversible bond

conformations, is recovered although the absolute values are much smaller than that
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expended during loading. The degree to whiclr the expended work is recoverable
dur,„g unloading diminishes severely for the hard blends (hard phase content of 30%
or more) as indicated by progressively large relative resMual strains at the end of the
load-unload cycle. The predominantly glassy nature of these hard blends prevents
the recovery of the conformational changes occurring upon deformation.

Figure 5.12 on page 175 shows an interesting pattern in the heat profiles for these
blends. Although, all of the blends exhibit a larger part of the work being dissipated
as heat of plastic deformation, the heat profiles below an extension ratio of 1 5 are
remarkably different for the hard and soft blends. These differences arise from the
endothermic elastic response of the hard blends before the yield point owing to their

positive thermal expansion coefficients. The magnitude of the endotherm is directly

proportional to the Young's modulus; higher concentrations of the hard pha.e in

the blends, consequently, result in a stronger endotherm. The soft blends, on the

other hand, behave more or less like a rubber, showing an exothermic heat profile all

throughout their deformation.

The change in internal energy of these blends, as a function of extension ratio,

is shown in Figure 5.13 on page 177. There is a significant increase in the internal

energy at the end of a load-unload cycle for the hard blends. At a small extension

ratio, such as 2.0, the change in internal energy is proportional to the blend stiffness;

the largest increase being shown by the blend with 80% hard phase which has a

modulus of 1.8 GPacompared with that of 2.7 MPafor the 20% hard blend (Refer to

Table 2.1 on page 22 in chapter 2). Even at large extension ratios, where the range

of blends available for comparison is smaller, the stiffer blend have a higher level of

internal energy.
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Figures 5.11 through 5.13 show that the transformation to soft rubber-like

behavior with large heat dissipation and small increase in internal energy, to hard
glass-like behavior with larger internal energy increases, occurs around 30% hard
phase in the blend. This composition is in excellent agreement with the mechanical
and morphological data that has been interpreted within the framework of a

percolation theory in chapter 2. Blends with hard phase contents ranging between

30-40%, undergo a transition from a soft continuous matrix with hard dispersions,

to a hard continuous matrix with soft dispersions. This phase inversion aifects the

manner in which energy is dissipated or stored by the blend; the dominance of one

over the other being governed by the stiffness of the continuous phase.

Figure 5.14 on page 180 summarizes the values of heat, work and internal

energy for all the blends as a function of their hard phase content at the end of a

load-unload cycle. Also shown are the energy to break values (represented by filled

circles) measured by Instron. The work values from the calorimeter are lower as the

samples were stretched to extension ratios lower than their breakpoints; however,

their trend is similar to that measured by Instron. Both energy dissipation and

energy absorption increase as the concentration of the hard phase is increased in the

blend and a maximum is seen at 50-60% hard phase.

Below the composition of matrix phase inversion (~ 30% hard phase), a larger

fraction of the work is dissipated as heat as shown by the heat to work ratio (Q/W)

values in Figure 5.15 on page 181. Blends with a higher proportion of the pure

hard phase exhibit relatively constant Q/W within 0.5-0.6. The value for the pure

hard phase is lower at approximately 0.4; however it has a relatively high degree of

uncertainty arising from sample fracture. The invariance in Q/W implies that the

ratio of internal energy to work (AU/W) is also invariant within the uncertainty
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Figure 5.15 Heat to work ratios for the cyclic deformation of blends in the calorimet
at 25 °C .

er

of measurement. The rising values of work for blends having 30-60% hard phase,

then, result in a greater rise in the internal energy. The maximum in work for blends

with 50-60% hard phase is, therefore, due to a simultaneous maximization of energy

dissipation and energy absorption.

Upon increasing the hard phase content of the blend beyond 60%, there is

a reduction in both work and heat values due to a decrease in the extensibility.

Although higher stiffness values for these blends enable them to support a higher

force, a sharp decrease in the elongation to break results in lower values for the
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work (i.e. the area ur,der the force-displacemeut curve). The observed decreasing

trend in the internal energy change is supported by the invariance of Q/W values

shown in Figure 5.15.

These results clearly demonstrate a synergistic behavior of both the blend

components to yield an optimum combination of stiffness and toughness for the 60%
hard blend (Figure 5.14 on page 180). Such a combination enables a simultaneous

maximization in energy dissipation and storage, thereby, resulting in maximum
toughness. This aspect of the optimization of toughness is often overlooked in the

design of commercial rubber toughened systems that, almost always, rely upon

increasing the energy absorbing capability of the glassy matrix. In rubber modified

polystyrene (HIPS) for example, the increase in toughness results from a multiple

crazing caused by the rubber particles. Inclusion of a rubbery phase in a glassy

matrix usually compromises the blend stiffness; our results, however show that an

optimum distribution of energy between the two phase can provide an adequate

compensation. In HIPS, the rubber phase does not contribute to energy absorption;

rather it simply enables a more homogeneous distribution of energy in the hard

phase. Suitable changes in the blend morphology may provide increased toughness

by involving the rubber phase in energy dissipation.

5.5.2 Experiments at Constant Strain-Rate at 60 °C

At 60 °C
,

both of the blend components are above their Tg
,

although their

storage moduli, E', shown in Figure 2.2 on page 21 in chapter 2, still differ by

an order of magnitude. However, there is little difference between their energy

absorption and dissipation characteristics, as both are rubbery materials above the
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glass transition temperature. As shown in Figure 5.16, even the pure hard phase

shows a rubber-like pressure response similar to that of the pure soft phase at

25 °C
.

The strain-rate in these results, unless otherwise stated, is approximately

1.9/min. as the corresponding value of 0.9/min used in experiments at 25 °C yields

poor signal-to-noise ratio in the calorimeter signal. The two data sets, therefore,

are compared only qualitatively. All of the blends spanning a similar range of

composition as before yield similar profiles in their differential pressure response.

Samples of the pure soft phase experience excessive creep during the equilibration

period and are difficult to test at this temperature. At any rate, their behavior is

expected to be similar to the rubber-like result obtained at 25 °C .

Figure 5.17 on page 185 summarizes the values of work, heat and internal energy

at the end of a complete load-unload cycle for a maximumextension ratio of 8.4. The
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two phase, rubber and glass-like response seen in Figure 5.14, is absent at 60 °C , and
the variation in the work of deformation is entirely due to the differences in blend
stiffness. A linear regression through the work, heat and energy data indicates that
a simple rule of mixtures adequately describes the energy behavior of these blends.

At low hard content, the soft blends dissipate almost 100% of the input work as

heat with no net change in the internal energy. Negative data points for the internal

energy change shown in Figure 5.17 are within the uncertainty of measurement
on account of low signal-to-noise ratio. As the concentration of the hard phase is

increased, the blends show a slight increase in their internal energy; however most
of the work is again dissipated as heat. The energy absorbing capability of the hard

phase is still significant despite a much diminished stiffness.

5.6 Summary

The distribution of work into heat and stored energy for acrylic latex blend

films has been studied using a deformation calorimeter, at constant temperature and

strain rate as a function of their hard phase content . The soft blends are rubber-like,

stretch to high strains and dissipate a larger fraction of input work as heat. The

hard blends are more glassy and solid-like, and absorb a larger fraction of work as

increase in their internal energy. Appearance of an initial endothermic trend at small

extensions for blends with more than 30% hard phase indicate a transformation to

a hard continuous matrix with soft dispersions consistent with the elastic properties

measured earlier and interpreted within the framework of a percolation theory.

Blends with 60% hard phase show a maximum in toughness by a simultaneous

maximization of heat dissipation and energy absorption. Above the Tg of both the
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components, such a. 60 »C
,

these blends exhibit a rubber-like exothermic response
to the applied work. All of the blends stretch to large extensions and recover most
of their initial strain with little change in their internal energies. The variations in
work, heat and internal energv are aDDrovimat^K, i;

•gy are approximately linear in composition indicating a
simple mixture like behavior of both the components.
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5.7 Nomenclature

Ci,C2 Thermal Capacitance (mW/V)

f(t) force (N)

K(t) Kernel function describing the transient response of the stretch calorimeter.

Q(t) Dynamic Heat flow measured in the stretch calorimeter (J/g)

Q Heat flux (mW)

Qo Constant heat flux in calibration experiments (mW)

AP(t) Diff-erential pressure measured in the stretch calorimeter (Volts)

AP(oo) Steady state diffrential pressure at constant heat flux (Volts)

t Time (s)

AU(t) Change in internal energy (J/g)

vo Velocity of sample deformation (mm/s)

W(t) Dynamic work calculated from force and displacement data (J/g)

7, r* Calibration constants related to thermal capcitances and time constant;

Ti,'''2 Time constants (s)
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CHAPTER6

STRAIN-RATE DEPENDENT
DEFORMATIONTHERMODYNAMICS
OF ACRYLIC LATEX BLENDFILMS

6.1 Abstract

The effect of varying the strain-rate of deformation on the work, heat and the

change in internal energy of the acryhc-based latex blend films is presented. As

the strain-rate is increased, blends having a continuous soft phase show an initial

increase in their change in internal energy over a fixed load-unload cycle, which later

stabilizes at a constant value. In contrast, the internal energy change for the blends

with a continuous hard phase remains fairly insensitive to the increase in strain-rate.

In both cases, input work and heat dissipation rise when the strain-rate is increased.

A semi-crystalline material such as high density poly(ethylene) exhibits a behavior

similar to the hard blends with both work and heat rising, while the internal energy

change remains constant. The additional rise in work, therefore, is lost as heat at
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higher strain-rates entirely by viscous dissipation. An ideal rubber, in contrast
shows no change in work, heat and internal energy over a large range of extension
ratios and strain-rates due to its entropy-elasticity.

Key words
: Latex blend coatings; deformation thermodynamics; stretch

calorimetry; blend toughness; heat and work of deformation; strain-rate dependence
of internal energy.

6.2 Introduction

Mechanical properties of polyn^ers are strongly influenced by the rate of

deformation due to their viscoelastic nature. In general, the elastic modulus, yield

stress, tenacity and the area under the stress-strain curve increase at higher strain-

rates in a tensile test, while the elongation to break reduces. Dynamic mechanical

testing at high frequency of mechanical perturbation show similar results in terms

of higher values for the storage moduli. A phenomenological argument based on

viscoelasticity provides an explanation for this behavior in terms of a limited time

for molecular relaxation leading, subsequently, to a higher apparent stiffness.

Godovsky [1] has summarized the data available in the literature on rate-

dependent thermo-mechanical effects for several polymers such as high density

poly(ethylene) (HOPE), Nylon®-6, low density poly(ethylene) (LDPE), and

poly(propylene) (PP). In general, both the work (W) and heat (Q) of deformation

increase linearly with the logarithm of the velocity of extension. The ratio of heat

to work, Q/W, on the other hand, is reported to be insensitive to velocity. This

must imply that the change in internal energy {AU) at higher strain-rates is greater,

since AU/W must also be an invariant along with Q/W. An adequate analysis of
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this implied increase in AU is not available in the literature. In addition, the role
of rate-dependent viscous effects that may lead to energy dissipation without any
additional increase in the material's internal energy has not been addressed in any

The ability to dissipate mechanical energy without any additional change in

the internal energy is very important from the point of view of the toughness of a
given material. Failure occurs, in most cases, when the internal energy of a material
is raised to a critical value beyond which it is unable to absorb any more energy.

Ability to dissipate any additional energy in the form of heat, therefore, is critical in

raising the toughness of the material.

The objective of this work is to probe the effect of strain-rate on the work,

heat and change in internal energy for acrylic-based latex blend films composed

of a rubbery and glassy phase. At a temperature between the glass transition

temperatures (T,
)

of the two phases, the glassy phase provides the stiffness, while

the rubbery phase provides extensibility to the blend. This results in a combination of

energy absorption and energy dissipation and a maximum in the work of deformation

is seen for the blend with 60% hard phase (section 5.5.1). The effect of strain-rate of

deformation on work, heat and internal energy change is studied here for these blends

at 25 °C
,

which is between theTg of the two components. At temperatures above the

two Tg values, the rubbery nature of both of the blend components reduces its energy

absorbing ability. The effect of strain-rate is again studied at 60 °C ; a temperature

above the two Tg values. Similar experiments on natural rubber (elastomer) and

HDPE(semi-crystalline polymer) further provide data for comparison.
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6.3 Experimental

6.3.1 Materials

Acrylic-based latex blend films comprising of a glassy pha.e (T, = 45 »C ) and
a rubbery phase (T, = -5 «C ) were prepared by a method described in section 2.4.1
on page 14 in Chapter 2.

High density poly(ethylene) (HDPE), grade 044552N, was obtained from DOW
chemical company. According to the company literature, this grade had a Vicat
softening point of 123 °C and a melt flow index of 4.0 g/10 min. An independent
GPCmeasurement yielded a number average molecular weight of 54,000 g/mol and
a weight average molecular weight of 209,000 g/mol. Thin HDPEsheets (~ 100-

300 /.m) were obtained by melt pressing at 250 °C in a Carver Press. These films were
left to anneal at 110 °C to establish a consistent thermal history. Differential scanning

calorimetry (DSC) using a DSC2910 calorimeter module from TA Instruments yielded

a peak melting temperature of 134 °C and a degree of crystallinity of 57.3% based

on the heat of fusion of a perfect polyethylene crystal (276 J/g, reference [2]).

Rubber samples, obtained from 3M, were thin bands of the type used in

dentures. The length of the loop was adjusted by tying a knot, and securing it with

cyanoacrylate adhesive, to the grips inside the calorimeter, by a method described

by Lyon [3] and Adams [4].

6.3.2 Stretch Calorimetry Experiments

A dogbone shaped sample (ASTM D638 type V) was mounted inside the

calorimeter as described in section 5.5.1 on page 168 and equilibrated for at least
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Figure 6-1 Pressure and force over a load-unload cycle for the blend with 50% hardphase stretched in the deformation calorimeter at 25 °C .

5 h at the temperature of interest. The first set of experiments were carried out at

25 °C to study the strain-rate dependence of the results reported in Chapter 5. Blend

samples were stretched at strain-rates ranging from 0.9 to 5.0 min^ to the same

final extension as those reported in Chapter 5. Figure 6.1 shows typical load-unload

pressure and force data against time for the blend containing 50% hard phase. A

separate set of similar measurements on rubber band samples provided data for

comparison with an elastomer.

A temperature of 60 °C
,

well above the glass transition temperatures of both of

the blend components, was selected for the second set of experiments to probe their

behavior in the rubbery state. Samples were first loaded to a maximum extension
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ratio of 8.35 at strain-rates ranging from 1 Q tr, n •

i

^ * "-5™" '. ^nd then unloaded to zero-ess after sta.ii.tion of tire force and pressure signal. A separate set of si„,il
experiments on HOPEsamples provided data for comparison with a semi-crystalli
polymer.
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6.4 Results and Discussion

6.4.1 Experiments as a Function of Strain-Rate at 25 °C

Experiments with Natural Rubber

A perfectly elastic behavior in the work and heat of deformation is shown by
natural rubber at various strain-rates, as displayed in Figure 6.2 on page 198. Th
work and heat values correspond to only the loading half of a load-unload cycl

An energy balance over a complete cycle shows no change in internal energy at all

strain-rates. At a fixed ultimate extension of loading, the strain rate of deformation

ranges from 0.6-8.05 min"^ in these experiments. Below the onset of strain-induced

crystallization (an extension ratio of 4 in Figure 6.2), there is no change in the heat

and work upon increasing the strain-rate, and the two are exactly balanced indicating

a purely entropic elasticity At a final extension ratio of 5, the data clearly shows

heat evolution in excess of the input work resulting from enthalpic changes associated

with strain-induced crystallization. Even at this extension, there is little deviation

in the input work; the heats of deformation show slight variation from a constant

value owing to the nonlinearity of crystallization. A spread of approximately 6-7%,

comparable to the uncertainty of measurement, is seen in the maximum and the

minimum heat values at this extension ratio.
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A closer look at the heat-to-work ratios shown in Figure 6.3 on page 200 further
supports these conclusions. The ratio of heat to work, Q/W, at low extensions is

approximately 1.0, and remains fairly insensitive to the strain-rate. As both Q and
Wdo not change with strain-rate, AU also remains insensitive to the change in the
rate of deformation.

At higher extension ratios, the heat of crystallization raises this value to as

high as 2.7 at a strain-rate of 2.6 min '. Using a heat of fusion value of 64 J/g for

natural rubber [3], the degree of crystallinity is approximately 7-9%. This value is

comparable to that estimated by Lyon [3] who reported a degree of crystallinity of

18% at a much higher extension ratio of 8.9. However, unlike our result, his data

does not indicate any significant extent of crystallization at an extension ratio of 5.0.

Differences in the starting material and the better sensitivity of our measurements

are likely sources of this difference. The magnitude and trends of heat and work

values are comparable in the two cases.

Experiments with Acrylic Blends

Figure 6.4 and 6.5 on page 201 and page 202 show the strain-dependent work

and heats of cyclic deformation for acrylic blends having a maximum of 60% hard

phase. All the energy values correspond to an energy balance over a complete load-

unload cycle. Ultimate extensions of loading are comparable to the constant-rate

experiments reported in section 5.5.1 in Chapter 5. There is an increasing trend,

both in the work and heat of deformation for all of the blends, upon increasing the

strain-rate. The change in internal energy, displayed in Figure 6.6 on page 203,

however, shows an interesting difference in the response of the soft blends (pure

soft phase and 20% hard blend) and those with 40%, and more, of the hard phase.
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Figure 6.3 Heat to work ratio, Q/W, for natural rubber in the calorimeter at 25 «C

The soft blends show an initial increase in the change of their internal energy which
appears to reach an asymptotic value at strain-rates exceeding 5 min-. The change
in internal energy of the hard blends, on the other hand, is fairly constant throughout

the whole range of strain-rates.

Evidently, a soft continuous phase in the soft blends shows an increase in energy

absorption at higher rates due to viscoelastic effects resulting in an apparent increase

in the stiffness. The energy absorption by the hard blends, having a continuous hard

matrix, is not significantly affected by the range of strain-rates in these experiments.

An increase in the work of deformation at high rates of deformation, in this case, is

exactly matched by a corresponding increase in the heat dissipation. As the change

in internal energy is constant at all strain-rates, such a rise in heat dissipation arises

solely by mechanisms involving viscous dissipation and friction.
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Figure 6.7 Heat to work ratio, Q/W, for latex blend films in the calorimeter at 25 °C

Figure 6.7 shows a decreasing trend in the heat to work ratios, Q/W, for the soft

blends with strain-rate, further indicating a rise in their energy absorption ability.

The hard blends, in contrast, show an increase in their heat to work ratio. At

constant AU, this results in a decrease in the ratio AU/W, indicating the relative

dominance of energy dissipation mechanisms.

Extrapolation of the internal energy data presented in Figure 6.6 on page 203

predicts a constant value even for the soft blends. The work of deformation will

continue to increase at higher strain-rates, but the change in internal energy of the
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ion

,s a

syste. will .each a H^ieing value dependent only upon the composition. Additional
work of defo^ation will he balanced by heat dissipation; the ratio of heat to
work, however, will reach a limit of approximatelv fin% "ifPPioximately bU7o typical of amorphous glassy
polymers, and then rise slowly upon further increase in the strain-rate. The effect
of mcreasing the strain-rate of deformation of the soft blends, therefore, is to reduce
the.r rubber-like entropic elasticity and raise their energy absorption ability.

Adams
[5] has reported a similar increase in the Q/Wratios for poly(carbonate) (PC)

stretched in the cajorimeter at 25 "C to an extension ratio of 1.9, with strain-rates
varying between 0.18-1.8 mm-. It is interesting to note, however, that the work of
deformation remained fairly constant at around 47-49 J/g, while the heat dissipati

increased, in contrast, thereby raising the Q/W ratio from 0.56 to 0.79. A:

result, change in internal energy, A£l, decreased with increasing strain-rate A
poly(sulfone) (BPAPS), drawn to a natural draw ratio (NDR) of 1.8, shows a similar

increase in Q/W from 0.59 to 0.7. A poly(arylate) (BPAPA), drawn to an NDRof

1.65, in contrast, does not show any change in the Q/W value [6]. The range of

strain-rates for the Wt two examples wa. very small; consequently these results do
not provide a detailed description of the variation of Q/W with strain-rate.

Maher et al. [7] used an infra-red camera to monitor the temperature rise

of the necked region as a function of drawing speed in several polymers, such as

poly(carbonate), poly(ethylene), poly(propylene) and poly(vinyl chloride). They

estimated nearly 100% dissipation of the mechanical work expended during necking

in the limit of infinite drawing speed. One of the major problems with their method

is that it ignores the heat lost to the surroundings, and only in the limit of infinite

speeds their "measurable heat" (estimated by the temperature rise of the necked

region) is a true measure of energy dissipation during necking. Consequently, at low
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strain-rates, energy dissipation values based on their method are significantly lower
than those measured by Adams et al. . In the absence of a direct measurement of
energy, the extrapolation suggested by Maher et al. is likely to be susceptible to

significant errors. Their measurements, however, demonstrate the importance of

temperature rise during necking which could be in excess of 5 °C at very high rates.

Glassy polymers, far below their T,
, do not draw to large extensions, and the

dissipation of mechanical work is largely controlled by necking and yielding. The
role of viscous dissipation of energy is, at best, quite limited. All the blends studied

in our experiments draw to significantly higher extension ratios; heat dissipation, in

this case is controlled by viscous dissipation during drawing beyond the yield point.

6.4.2 Experiments as a Function of Strain-Rate at 60 °C

Experiments with Acrylic Blends

At 60 °C
,

when both of the blend components arc rubbery, even the hard blends

are predicted to exhibit a similar rubber-like behavior as that shown by the soft

blends at 25 °C
. Evidence for this suggestion is provided by Figures 6.8 through 6.10

which display the work, heat and internal energy values after a complete load-unload

cycle (extension ratio of loading = 8.35) for blends comprising of 50%, or greater,

hard phase as a function of the strain-rate.

The work of deformation for the pure hard phase, as displayed in Figure 6.8,

shows an initial increasing trend with strain-rate, reaching an asymptotic value at

11.5 min"^ Other blends show similar trends; the differences in work values are

small on account of similar stiffness. Exothermic heat profiles for these hard blends

shown in Figure 6.9 on page 208 are again similar, exhibiting an initial increase
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followed by a stabilising asyn^ptotic trend at high strain-rates. The heat values
are affected slightly by the poor signal-to-noise ratio at such low values; the trends
mentioned above, however, are fairly discernible. Extrapolation of the heat and
work data to very high strain-rates, perhaps in excess of 50 min-, indicates that the
energy absorption and energy dissipation characteristics of these blends will be fairly

insensitive to the rate of deformation.

At low strain-rates, below approximately 4 min'', there is practically no change
in the internal energy of these hard blends, as displayed in Figure 6.10 on page 209,
indicating a purely entropic nature of their elasticity Above the strain-rate

of 3.8 min-', there is a small increase in the internal energy over the imposed
deformation cycle indicating the onset of an increase in energy absorption, and

therefore, deviation from entropy elasticity. The blends, as a result, behave more a3

a glass on account of an apparent increase in their stiffness from high strain-rates.

Even at these strain-rates, the ratios of heat to work are rather high at around

70-80% highlighting their relatively rubber-like behavior. Extrapolation of the work,

heat and internal energy data to higher strain-rates, in excess of 11 min-', indicates

that these values reach an asymptotic limit, and change little upon further increase

in the strain-rate.

Experiments with HDPE

Figure 6.11 display the performance of HDPEover an identical load-unload

cycle (final extension ratio of loading = 8.35) as a function of similar strain-rates.

The absolute values of work and heat are substantially higher than the acrylic blend

films as these were normalized by the much smaller weight of the necked region in

contrast to the total weight in case of the blends. HDPEis deformed by a distinct
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Figure 6.11 Work, heat and internal energy of deformation for HDPE films as afunction of stram-rate at 60 °C .

neck formation and propagation, and according to Adams [4], the correct weight

for normalization of the energy data is that of the necked region and not the entire

sample between the grips of the stretching device. The values calculated in this

manner are comparable to those measured by Adams; the differences arise due to

the molecular weight and the degree of crystalhnity of the starting material.

Within the range of strain-rates used in these measurements, both work and

heat values over a complete load-unload cycle show a linear increasing trend with the

rate of deformation. The work of deformation increases linearly with the strain-rate
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and the evolution of heat exhibits nearly an identical profile. The change in inter,.al

energy is insensitive to the strain-rate, indicating little structural modification, if

any, of the material upon increasing the strain-rate. The rise in work of deformation,

and the consequent heat evolution, is again likely due to viscous dissipation of input
energy. The heat of deformation is not particularly large compared to the heat of

fusion for polyehtylene, and the degree of crystallinity. therefore, does not change

significantly.

The heat to work ratios, Q/W, as a function of strain-rate, for IIDPE are

shown in Figure 6.12 on page 213. A linear regression through the data indicates a

slight increase in Q/W. Although the linear fit is rather poor due to an insufficient

number of points, an increasing trend is quite obvious within the uncertainty of

measurement (~ approximately 10% variability in heat values). The ratio of internal

energy to work, At//W, consequently shows a decreasing trend highlighting the

relative dominance of heat dissipation at these strain-rates.

Adams [4] has reported similar results for the heat to work ratio for a variety

of low density and high density polyethylenes. The variation in his data is of the

order of 4-5% between replicate experiments at a constant strain-rate, as well as the

individual average values over a range of strain-rates between 0.09-8.9 min*. The

present results, therefore, are quite comparable to these previous studies.

6.5 Summary

The effect of increasing the strain-rate of deformation is mostly manifested in a

corresponding increase in both the input work and heat dissipation. Blends with

a continuous soft phase show an initial increase in the internal energy change. At
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Figure^6.12 Heat to Work Ratio, Q/W, for HDPEfilms as a fur^ction of strain rate

higher strain-rates, their internal energy change remains unaffected; a behavior

similar to the blends with a continuous hard phase. A semi-crystalline polymer such

as high density poly(ethylene) exhibits a similar trend in its internal energy change.

In all these cases, both work and heat rise upon increasing the strain-rate. Since the

internal energy change is constant, the additional rise in the input work is entirely

lost as heat by viscous dissipation. The response of an ideal rubber, in contrast, is

completely independent of the strain-rate and there is no change in input work, heat

and internal energy at a constant extension ratio.
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CHAPTER7

CONCLUSIONSANDFUTUREWORK

7.1 Summary of Results

In summary, the present research effort has focussed on a complete charac-

terization of blend films prepared from acrylic latices, and thermodynamics of

their deformation as a function of temperature and strain rate. At room temper-

atures (~ 20-25 °C ), these blends are composed of a glassy phase, poly (methyl

methacrylate-co-ethyl acrylate) having a T, of 45 °C , and a rubbery phase,

poly(methyl methacrylate-co-butyl acrylate) having a Tg of -5 °C . Consequently,

the blends exhibit a wide distribution of mechanical properties as a function of their

composition. The main findings of this research are summarized as following :

• The mechanical properties of these blends range from soft and rubber-like at

low concentrations of the hard phase to hard and glass-like at higher values.

The differences in the tensile moduli of pure soft and hard phases, for example,

span nearly three orders of magnitude.

• Experimentally measured Young's moduli and Poisson's ratio as a function of
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the concentration of the hard pha.e show a sigmoidal shaped profile that in-

dicates a phase inversion from a continuous soft phase (with dispersed hard
phase) to a continuous hard phase (with dispersed soft phase) at approximately
30-40%.

Scanning Electron Micrographs (SEM) of the fracture surfaces show a gradual
transformation form soft rubber-like continuous matrix to a hard solid phase
through a series of bicontinuous mixtures.

Thermal and dynamic mechanical evaluations of these blends throughout the

entire composition range indicate pha.e separation despite a clear and trar>s-

parent appearance. The T, of the hard phase remains unchanged while that

of the soft phase shows a decreasing value at higher concentrations of the hard

phase.

es

c

• A new pulsed differential scanning calorimetry technique (Pulsed DSC) provid

a time-independent equilibrium specific heat and a frequency-dependent specifi

heat in a single experiment. Results on a variety of materials including metals,

amorphous and semi-crystalline polymers, as well as the acrylic blends, highlight

the rate dependence of the specific heats measured by standard calorimetric

techniques.

• A significant amount of water is absorbed by these blends, especially those

having a continuous soft matrix. All of the blends turn white and opaque upon

water uptake, but regain their transparency upon redrying. SEMmicrographs of

the freeze-fractured surfaces of wet blend films show large micron size holes left

behind by the water that evaporates out due to the vacuum in the microscope's

sample chamber. Although a slight plasticization eflfect is seen in the hard
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phase, most of the absorbed wafpr ^v;^^orbed water evidently remams separated from the bulk
polymer.

. A companson with the moisture absorption, and its effect on the thermo-
mechanical propert.es, of films regenerated from Bom,y. ^ori silk fibroin high-
Lghts the striking difference in the characteristics of these two systems. In ca.e
of the silk films, absorbed moisture results in significant plastici.ation owing
poss,bly, to the ample specific interactions between the water and the amino-
acd based polymer. Absorbed moisture in the acrylic blends, in contrast re-
mains separate from the bulk polymer and maintains its independent identity.
A qualitative model is proposed that suggests the association of these water
domains with residual surfactant in the bulk polymer film left behind during
the drying of original latex. Hydration of these surfactant salts, limited only by
the rigidity of the continuous phase, provides ample driving force for prolonged
water absorption.

. Despite the difference between the water absorption characteristics, both silk

and acrylic blends show complete reversibility in their water uptake, returning

to their original properties upon redrying. The association of water molecules

inside the bulk polymer, consequently, is purely physical and differs only in the

nature of the driving force.

• Measurement of the work, heat and change in internal energy upon deformation

further highlights the fundamental differences in their mechanical response. At

25 ''C
,

the soft blends show typical rubber-like entropy elasticity, stretching to

high strains and dissipating a larger fraction of the input work as heat. The

hard blends, in contrast, absorb nearly 50% of the input work as changes in

their internal energy.
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. An initial endothermic trend in the heat profile of blends with more than 30%
of the hard phase indicates the deviation from the entropy elastic nature of
the soft blends having a continuous matrix of the soft phase. Onset of energy
elastic behavior, resulting in higher internal energy levels, is consistent with the
conclusion reached earlier regarding the matrix inversion to a hard continuous
phase with dispersions of the soft phase.

. Over a complete load-unload cycle, with maximumextension of loading slightly

less than the corresponding strain to break for each blend, a concentration of

60% of the hard phase results in maximum toughness due to a simultaneous

maximization of heat dissipation and energy absorption. The distribution of

input mechanical energy between the hard and the soft phases at this com-
position is optimized in their respective energy storage and energy dissipation

mechanisms, resulting in a synergistic combination of the two effects.

• Above the glass transition temperatures of both the components, such as 60 °C
,

these blends exhibit rubber-like exothermic response to the applied work at all

concentrations of the hard phase. All of the blends stretch to large extensions

and recover most of their initial strain with little change in their internal ener-

gies.

• Increasing the strain rate of mechanical deformation results in a corresponding

increase in both the input work and heat dissipation, while the change in internal

energy over a fixed cycle of loading and unloading remains constant.

• Blends having a continuous soft matrix show an initial rise in the internal energy

at the expense of entropic elasticity, reaching a stable value at higher strain

rates. Although both heat and work continue to increase at higher strain rates,
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their ratio approaches a value of fin 7ni)/ „ol bO-70/o comparable to glassy polymers. Blen.ls
containing higher proportions of the hard phase aiso show a similar increasing
trends in work and heat with increasing strain rates, while the change in their
mternal energy remains unaffected. This increase 1„ tv, i r , rnjs increase m the work of deformation,
consequently, arises from the rate-dependent viscous effects.

7.2 Future Work

The present study provides a good starting point towards optimizing the prop-
erties of two phase systems in terms of their stiffness and toughness. Simultaneous
measurement of both work and heat enables calculation of the change in internal
energy of these blends, and highlights the signihcance of both heat dissipation and
energy absorption. An optimum distribution of energy among the constituents of the
blend is therefore the most relevant factor in designing their ultimate properties.

Certainly, this distribution of energy is strongly dependent on the properties

of the pure components and their iuterfacial interaction. Additional data a. a

function of these variables will likely provide the necessary information towards

developing a model for optimizing blend properties. Control of blend morphology,

as suggested in the introductory part of this dissertation, to selectively isolate the

various energy absorbing and energy dissipating mechanisms active in the different

phases is the key to quantifying their role in the overall distribution of energy. In

general, these mechanisms are often interacting and the distribution of energy is

further complicated by interfacial phenomenon such as friction and creation of new

surfaces. The main challenge, therefore, is to select a|)propriate blend components

for such a comprehensive study.
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S.milar experin,ents will n,ost likely yield valuable data on block copolymers
where precise control over the morphology .„ay be more easily possible. A direct
correlation between the energy data from deformation calorimetry and resulting
changes in the morphology may be established for these systems. Using finite
element methods, and other numerical technicues, a "fit" may be obtair.ed to enable
prediction of ultimate properties based on simple initial inputs.

Further investigation into the nature of absorbed water in these blends, and other
s.m,lar systems, may prove illuminating. The validity of the proposed qualitative
model of water absorption, driven primarily by the hydration of residual surfactant
salt in the bulk polymer needs to be established by further experimentation.

The distribution of surfactant using element-sensitive microscopy on these blends
may be worth pursuing in this regard. Sections obtained from different levels in

the bulk, when exposed to water, may absorb water at the surfactant rich sites;

such association can be easily monitored, for example, by reflectance infra-red

spectroscopy. Atomic force microscopy on surfaces with dispersed water domains
may also provide additional information regarding their distribution.

Light scattering studies, especially in the early stages of water absorption will

possibly yield information on the size and growth of these water rich domains.

The driving force for water absorption may be varied in several ways by changing

temperature and surfactant levels in the polymer film. Kinetics of water absorption

under different levels of the driving force may further our understanding of the

enormous water uptake by such materials. Finally, modeling of the water uptake

data may provide a predicitive tool to quantify the characteristics of similar systems.
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APPENDIXA

CALCULATIONOF EFFECTIVE

BLENDMODULI

The following is a computer program that calculates the values of effective blend
moduli as a funtion of blend composition using different composite theories. Some of

the equations are listed in Chapter 2.

Appendix A : Computer code to calculate effective
blend moduli

05/23/98
Author : Naveen Agarwal
University of Massachusetts, Amherst

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#define Gm 0.000521 /* shear modulus of the matrix */
#define Km 2.473 / bulk modulus of the matrix */
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#define Gf 0.8636 /* shear modulus of the filler */
#define Kf 3.840 /* bulk modulus of the filler */
#define ERROR0.00001
#define phiEND 1.0 /* last value for the vol fraction of filler
#define Dele 0.001

void main(void){
void do_hashin_shtrikman(void)

;

void do_budiansky (void)

;

void do_farber_f arris (void)

;

void do_van_der_poel(void)

;

void do_series_model(void)

;

void do_parallel_model(void)

;

do_hashin_shtrikman(); /* calculates Hashin-Shtrimkman bound;

do_budiansky 0

;

do_farber_f arris 0

;

do_van_der_poel()

;

do_series_model()

;

do_parallel_model()
;

}/*end main*/

void do_hashin_shtrikman(void){
void hashin_shtrikman_bounds (float phiFiller .float *GcHLB,
float *KcHLB, float *GcLUB, float *KcLUB)

;

float GcHLB,KcHLB,GcLUB,KcLUB;
float EcHLB,PRcHLB,EcLUE,PRcLUB;
float phiFiller=0.0;

FILE *outp;

if ((outp=f open ("hashin.dat", "w"))==NULL){

printf ("\nERROR - cannot open results file");

exit(O)

;

}

f printf (outp ,
"phiFiller\tGcHLB\tKcHLB\tGcLUB\tKcLUB\tEcHLB

\tPRcHLB\tEcLUB\tPRcLUB\n")

;

while (phiFiller<=phiEND){
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EcHLB- (9*KcHLB*GcHLB) / (3*KcHLB+GcHLB)

•

PRcHLB=(3*KcHLB-2*GcHLB) / (6*KcHLB+2*GcHLB)

•

EcLUB= (9*KcLUB*GcLUB) / (3*KcLUB+GcLUB) •

PRcLUB=(3*KcLUB-2*GcLUB) / (6*KcLUB+2*GcLUB) •

fprintf(outp.-/.f\ty.f\ty.f\ty.f\f/.f\ty.f\ty.f\ty.f\ty.f\n"
phiFiller GcHLBKcHLB, GcLUB.KcLUB, EcHLB, PRcHLB,EcLUB.PRcLUB).

'P^^F^Her .GcHLB.

phiFiller+=Delc;

f close(outp)

;

}/*end do_hashin_shtrikman /
void hashin.shtrikman.bounds (float phiFiller .float *GcHLB
float *KcHLB. float *GcLUB. float *KcLUB){

double tempi. temp2.temp3.temp4;

templ=l/(Gf-Gin)+6*(Km+2*Gm)*(l-phiFiller)/(5*Gm*(3*Km+4*Gm))-
temp2=l/(Kf-Km)+3*(l-phiFiller)/(3*Km+4*Gm)

;

temp3= 1/ (Gm-Gf ) +6* (Kf +2*Gf ) *phiFiller/ (5*Gf * (3*Kf +4*Gf )
) •

temp4=l/(Km-Kf )+3*phiFiller/(3*Kf+4*Gf
)

;

GcHLB=Gm+phiFiller/templ

;

*KcHLB=Km+phiFiller/temp2

;

*GcLUB=Gf + ( 1-phiFiller) /temp3

;

*KcLUB=Kf+(l-phiFiller)/temp4;

}/*end hashin-shtrikman-bounds /

void do_budiansky (void){
void hashin.shtrikman.bounds (float phiFiller .float GcHLB.
float *KcHLB. float *GcLUB. float *KcLUB)

;

void budiansky(float phiFiller .float GcBUD. float *KcBUD)

;

float GcBUD. KcBUD;

float EcBUD. PRcBUD

;

float GcHLB. KcHLB, GcLUB.KcLUB;
float phiFiller=0.0;
FILE *outp;

if ( (outp=f open ("budiansky . dat "
, "w" )

) ==NULL)

{
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printf("\nERROR - cannot open results file")-
exit(O); ^'

}

fprintf(outp.-'phiFiller\tGcBUD\tKcBUD\tEcBUD\tPRcBUD\n")-
while(phiFiller<=phiEND){ '

hashin.shtrikman.bounds(phiFiller,&GcHLB.&KcHLB,&GcLUB.&KcLUB);

GcBUD=phiFiller*GcLUB+(l-phiFiller)*GcHLB-
KcBUD=phiFiller*KcLUB+ ( 1-phiFiller ) *KcHLB

\

budiansky (phiFiller , &GcBUD, &KcBUD)

;

EcBUD=(9*GcBUD*KcBUD) / (3*KcBUD+GcBUD)

;

PRcBUD=(3*KcBUD-2*GcBUD) / (6*KcBUD+2*GcBUD) •

fprintf(outp,-/,f\ty.f\ty.f\ty.f\ty.f\n",phiFiner.GcBUD.

KcBUD,EcBUD,PRcBUD)

;

phiFiller+=Delc;
>

f close(outp)

;

}/*end do_budiansky */

void budianskyCfloat phiFiller, float *GcBUD, float *KcBUD){
double A1,A2,B1,B2;
double alpha, beta;
double F,G.Jll,Jl2,J21,J22,detJ;
double DelBetaDelG,DelBetaDelK,DelAlphaDelG,DelAlphaDelK;
double templ,temp2,temp3,tenip4,terap5;
double delGc,delKc;
double errf ,errx;

Al=l/Gm;

A2=l-Gf/Gm;
Bl=l/Km;

B2=l-Kf/Km;

errf=errx=l .0;

while (abs (errf )>ERROR && abs(errx)>ERROR){
templ=3*(*KcBUD)+4*(*GcBUD)

;

alpha=3* (*KcBUD) /tempi

;

beta=6* ( (*KcBUD) +2* (*GcBUD) ) /(Snempl) ;
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temp2=beta-l+beta*Gf*Al+A2*phiFiller;
t einp3=alpha- l+alpha*Kf *Bl+B2*phiFiller

;

F=(beta-l)*Al*pow(*GcBUD.2)-temp2*(*GcBUD).beta*Gf-
G=(alpha- 1) *Bl*pow(*KcBUD

, 2) -t emp3* (*KcBUD) +alpha*Kf

;

DelBetaDelG=12*(*KcBUD)/(5*pow(teinpl 2)) •

DelBetaDelK=-12*(*GcBUD)/(5*pow(templ
2)) •

DelAlphaDelG=-12*(*KcBUD)/pow(templ,2);

DelAlphaDelK=12*(*GcBUD)/pow(templ,2);'

temp4=Al*pow (GcBUD
. 2) - ( l+Al*Gf ) * (*GcBUD) +Gf •

tenip5=Bl*pow (*KcBUD
, 2) - ( 1+Kf *B1) * (*KcBUD) +Kf \

Jll=2*(*GcBUD)*Al*(beta-l)-(beta-l)-beta*Gf*Al-A2*phiFnier
+temp4*DelBetaDelG

;

J12=temp4*DelBet aDelK

;

J21=temp5*DelAlphaDelG

;

J22=2*(*KcBUD)*Bl*(alpha-l)-(alpha-l)-alpha*Kf*Bl

-B2*phiFiller+temp5*DelAlphaDelK;

detJ=Jll*J22-J12*J21;
ifCdetJ == 0.0) exit(O);

delGc= (-F+J22+G* J12) /det J

;

delKc=(F*J21-G*Jll)/detJ;
*GcBUD+=delGc;
*KcBUD+=delKc;

errf =F+G;

errx=delGc+delKc;

}

}/*end budiansky */

void do_farber_f arris (void)

{

void farber.f arris (float phiFiller, float GcFAR, float *KcFAR)

;

float GcFAR, KcFAR;
float EcFAR,PRcFAR;
float phiFiller=0.0;

FILE *outp;

if ( (outp=f open ("f arris . dat "
, "w" )

) ==NULL)

{

printf ("\nERROR - cannot open results file");
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exit (0) ;

}

GcFAR=Gin;

KcFAR=Km

;

while (phiFiller<phiEND){

fprintf(outp/.y.f\ty.f\ty.f\af\ty.f\n..,pMFnier,GcFAR

KcFAR,EcFAR,PRcFAR);
farber_farris(phiFiller,&GcFAR.&KcFAR)-

EcFAR=(9*GcFAR*KcFAR)/(3*KcFAR+GcFAR)
•

'

PRcFAR=(3*KcFAR-2*GcFAR)/(6*KcFAR+2*GcFAR);

phiFiller+=Delc;
}

f close(outp)

;

}/*end do_farber_f arris /
void farber.f arris (float phiFUler .float *GcFAR,float *KcFAR){

double PR,DelGcDelc,DelKcDelc;
double tempi, temp2,temp3,temp4;

PR=(3* (*KcFAR) -2* (*GcFAR) ) / (6* (*KcFAR) +2* (*GcFAR) ) •

templ=-15*(*GcFAR)*(l-PR)*(i-Gf/(*GcFAR)) •

temp2=7-5*PR+(8-10*PR)*(Gf/(*GcFAR))
;

temp3=Kf-(*KcFAR)

;

t einp4=l+ (Kf - (*KcFAR) ) / ( (*KcFAR) + (4 . 0/3 . 0) * (*GcFAR) )

;

DelGcDelc=templ/ (temp2* (1-phiFiller) )

;

DelKcDelc=temp3/ (temp4* (1-phiFiller) ) \

*GcFAR+=DelGcDelc*Delc

;

*KcFAR+=DelKcDelc*Delc

;

}/*end farber.f arris /

void do_van_der_poel(void){

void van_der_poel (float phiFiller .float *GcVDP. float *KcVDP.
float *M, float *PRFiller .float *PRMatrix)

float phiFiller=0.0001;
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float GcVDP,KcVDP,EcVDP,PRcVDP;
float M,PRFiller,PRMatrix;
FILE *outp;
if ((outp=fopen("vanderpoel.dat","w"))==NULL){
printf("\nERROR - cannot open results f He")

•

exit(O);

>

M=Gf/Gm;

PRFiller=(3*Kf-2*Gf)/(6*Kf+2*Gf);
PRMatrix= (3*Km-2*Gm) / (6*Km+2*Gm)

\

while (phiFiller<=phiEND){

van_der_poel(phiFiller,&GcVDP.&KcVDP,&M.&PRFiller
ftPRMatrix)

EcVDP=(9*GcVDP*KcVDP)/(3*KcVDP+GcVDP) ;

-^^^^.^PRMatrix)

PRcVDP=(3*KcVDP-2*GcVDP) / (6*KcVDP+2*GcVDP) •

fprintf(outp,"y.f\ty.f\ty.f\ty.f\ty.f\n-.phiFiner.

GcVDP, KcVDP , EcVDP , PRcVDP)

•

phiFiller+=Delc; '

}

f close(outp)

;

}/*end do_van_der_poel */

void van.der.poel (float phiFiller, float *GcVDP, float *KcVDP
float M, float *PRFiller .float *PRMatrix){

void hashin.shtrikman.bounds (float phiFiller , float *GcHLB,
float *KcHLB, float *GcLUB, float *KcLUB)

;

float GcHLB,KcHLB,GcLUB,KcLUB;
double X.Cl,C2.C3,P,Q.S,det;
double tempi , t emp2 , temp3 , temp4 , temp5 , temp6

;

double a;

a=exp(log(phiFiller)/3.0)

;

p=(7+5*(*PRFiiier))*(*M)+4*(7-10*(*PRFiller));

Q=(8-10*(*PRMatrix))*(*M)+(7-5*(*PRMatrix));
S=35* (7+5* (*PRMatrix) ) (*M) * ( 1- (*PRMatrix) ) -P* (7+5* (*PRMat

templ=4*P*(7-10*(*PRMatrix))-S*pow(a,7)
;

temp2=Q-(8-10*(*PRMatrix))*((*M)-l)*pow(a,3)

;

temp3=126*P*((*M)-l)*pow(a,3)*pow((l-pow(a,2)) ,2)

;
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t emp4=35* (1- (*PRMatr ix) ) ?

;

teinp5=(4*P*(7-10*(*PRMatrix))-S*pow(a,7))*((*M)-l)*powra
3^ •

Cl=templ*temp2-temp3

;

C2=temp4*temp2-15*(l-(*PRMatrix))*temp5;
C3=temp6;

det=pow(C2,2)-4*Cl*C3;

if (det<0.0){

printfCAnERROR
: van.der.poel routine -> imaginary roots\n") •

exit (0) ;
o J \ii y

,

}

X=(-C2+sqrt(det))/(2*Cl);
*GcVDP=(l+X)*Gm;

hashin_shtrikinan_bounds(phiFiller,&GcHLB.&KcHLB,&GcLUB.&KcLUB);

*KcVDP=KcHLB;

}/*end van_der_poel */

void do_series_model (void){

void series.model (float phiFiller, float *GcSER, float KcSER)

;

float phiFiller=0.0;
float GcSER, KcSER, EcSER.PRcSER;

FILE *outp;

if ( (outp=f open ("series . dat "
, "w" )

) ==NULL)

{

printf ("\nERROR - cannot open results file");
exit(O)

;

}

while (phiFiller<phiEND){

fprintf(outp,"y.f\ty.f\ty.f\ty.f\ty.f\n", phiFiller, GcSER,
KcSER, EcSER,PRcSER)

;

series.model (phiFiller, &GcSER,&KcSER)

;

EcSER=(9*GcSER*KcSER) / (3*KcSER+GcSER)

;

PRcSER=(3*KcSER-2*GcSER) / (6*KcSER+2*GcSER)

;
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oat *KcSER){

phiFiller+=Delc;
}

f close(outp)

;

}/*end do_series_model */

void series.model (float phiFiller .float *GcSER,fl

GcSER=l
.

0/ (phiFiUer/Gf + (1-phiFiller) /Gm) •

*KcSER=1.0/(phiFiller/Kf+(l-phiFiller)/Kin)i

}/*end series_model */

void do_parallel_model(void){

void parallel.modeKflo^t phiFiller. float .GcPAR.float .KcPAR)
;

float phiFiller=0 .0;
float GcPAR,KcPAR,EcPAR,PRcPAR;

FILE *outp;
if ( (outp=f open ("parallel . dat " , "w" ) )==NULL) {
printf ("\nERROR - cannot open results file");
exit(O);

}

while (phiFiller<phiEND){

fprintf(outp,"y,f\t'/.f\ty.f\t'/.f\ty.f\n", phiFiller,
GcPAR, KcPAR, EcPAR, PRcPAR)

;

parallel.model (phiFiller, &GcPAR,&KcPAR)

;

EcPAR=(9*GcPAR*KcPAR) / (3*KcPAR+GcPAR)

;

PRcPAR=(3*KcPAR-2*GcPAR) / (6*KcPAR+2*GcPAR)
;

phiFiller+=Delc;

>

f close(outp)

;

}/*end do_parallel_model /

void parallel.model (float phiFiller , float *GcPAR, float *KcPAR){

*GcPAR=phiFiller*Gf+(l-phiFiller)*Gin;

KcPAR=phiFiller*Kf + (1-phiFiller) *Km

;

}/*end parallel.model */
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APPENDIXB

CALCULATIONOF WORK,HEAT
ANDINTERNAL ENERGY

The following is a computer program that calculates the values of work, heat and

internal energy from the baseline corrected pressure-time and force-time data. User

provides the raw data from stretch calorimeter and the test parameters.

y//.y.y.y.7,y.y//.y,y.y//.y.r/.y////.y//.y//.r///.r/////.r/.y,r/.r/^^^^

y.

y.

y.

y.

y.

y.

y.

y.

y.

Appendix B Computer code to calculate heat, work
and internal energy from baseline
corrected pressure-time and
force-time data

05/23/98
Author : Naveen Agarwal
University of Massachusetts, Amherst
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#include <stdio.h>
#include <math.h>
#include <stdlib.h>
#include <stddef.h>
#include <string.h>

#def ine DATA.SIZE 10000
#define CAL.CONST 7.172
#define CI 10.49
#define TAUl 2.5
#define C2 22.59
#def ine TAU2 44.

1

#define G_LEN 9.53
#define WIDTH 1.0

/* global variables /
FILE inp,*inp_parains,*outpl;
float *t , *pr , *f orce , *params

;

'

float *extn , *work , heat , *heat_rate

;

char test_type[20];

void main(void){
void open_f iles(void)

;

void mem_allocation_input (void)

;

void mov_avg_f liter (float y[],int ndat,int window);
int read_input_data(void)

;

void calcExtnRatio(int ndat)

;

void calcHeatProfile(int ndat);
void calcWork(int ndat);

int i,ndat=0;

open_f ilesO
;

mem_allocation_input 0 ;

ndat=read_input_data()
;

calcExtnRatio(ndat)

;

calcWork(ndat)

;

calcHeatProf ile(ndat)

;

f or(i=0; i<ndat ;++i){
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f printf (outpl
,

"Xf \f/.f \f/.f \f/.f \f/.f \f/.f \f/.f \tXf \„..

,

V ^r -,
^l-^^ 'P'^fi] .force ti] .extnrn

^
heat ,„ork[i] .heat [i].„ork[i] .heat.ra;" ] ) f

'

/* Close files /
f close(inp)

;

f close (inp_params)

;

f close(outpl)

;

}/* end main */

void open.f iles(void){

char getInpFileName[l5]

;

char getlnpParamsFileNameClB]
;

printf ("Xnenter filename to be analyzedXn") •

scanf ("•/.s",getInpFileName);

If ((inp=fopen(getInpFileName,"r")) == NULL){
printf ("ERROR

: cannot open output f ile\n")

•

exit(O);

}

printf ("\nenter input parameters f ilename\n") •

scanf (• y.s get InpParamsFi leName)

;

if ((inp_params=fopen(getInpParamsFileName,"r")) == NULL){
printf ("ERROR

: cannot open output file\n");
exit(O);

}

if ((outpl=fopen("heat_profile","w")) == NULLH
printf ("ERROR : cannot open output file\n");
exit(O);

}

}/* end open_files*/

void mem.allocation. input (void)

{
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float *vector(int size);

t=vector(DATA_SIZE)

;

pr=vector(DATA_SIZE)

;

f orce=vector(DATA_SIZE)

;

extn=vector(DATA_SIZE)

;

work=vector(DATA_SIZE)

;

heat=vector(DATA_SIZE)

;

heat_rate=vector(DATA_SIZE)

;

params=vector(20)

;

}/ end mein_allocation_ input */

float *vector(int size){

float data;

data=malloc(si2e*sizeof (float))

;

return (data)

;

}/* end vector */

int read_input_data(void){

int i,totalDataPoints=0,totalParams=0,lines=0;
float varl , var2,var3;

while (fscanf (inp
,

"'/.f '/.f Xf \n" ,&varl ,&var2 ,&var3) ! =EOF) {

t [totalDataPoints] =varl

;

pr [totalDataPoints] =var2;
force [totalDataPoints] =var3;

++(totalDataPoints)

;

>

/* read the input parameters /
fscanf (inp.params , '"/.sXn" ,&test_type)

;

while (fscanf (inp_params , "'/.f " ,&varl) ! =EOF) {

params [totalPareuns] =var 1

;
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printf ("params['/.d]=\tyf\n" i-o-h=.id

^^totalParams- ,paranis [totalParams] ) ;

}

return(totalDataPoints)

;

}/* end read_input_data*/

void calcExtnRatioCint ndat){

int i;

float temp , veloLoad . veloUnload
. initExtnRat io

;

if (strcmp (test .type , "load-only ")==0) {
temp=initExtnRatio=l 0-

if (t [i] <parains [0] ) extn [i] =initExtnRat io •

else '

if(t[i]>params[0] && t [i] <parains [3] ) {
temp += veloLoad*(t[i+l]-t[i])/G LEN;
extn[i]=temp;

}

else extn[i]=temp;

}else
if (strcmp(test_type,"load-unload")==0){
temp=initExtnRatio=l .0;
veloLoad= (params [1] -params [2] ) / (params [3] -params [0] ) •

veloUnload= (params [2] -params [5] ) / (params [6] -params [4] )

;

printf ("veloLoad=y.f\tveloUnload=Xf\n-, veloLoad, veloUnload) •

for(i=0;i<ndat;i++){
if (t [i]<params [0])
extn [i] =initExtnRat io

;

else

if (t [i]>parains[0] && t [i]<params[3]){
temp += veloLoad* (t[i+l]-t[i])/G_LEN;
extn[i]=temp;
}else

if (t [i]>params[4] && t [i]<params[6]){
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temp += veloUnload*(t[i+l]-t[i])/G LEN-
extn[i]=temp;

}

else extn[i]=temp;

}else{

printf Cinvalid test type - try again \n"):
exit(O);

}

}/* end calcExtnRatio /

void calcWork(int ndat){

int i;

float temp=0 . 0 , veloLoad, veloUnload;

if (strcmp(test_type,"load-only")==0){
veloLoad= (params [1] -params [2] ) / (params [3] -params [0] ) •

for(i=0;i<ndat;i++){
if (t [i]>params[0] && t [i] <params [3] ) {
temp += (force [i+l]+force[i])/2.0*(t[i+l]

-t Ci] )*veloLoad;
work[i]=temp;

}else

work[i]=temp;

}

}

if (strcmp(test_type, "load-unload") ==0){
veloLoad= (params [1] -params [2] ) / (params [3] -params [0] )

;

veloUnload= (params [2] -params [5] ) / (params [6] -params [4] )

;

f or (i=0 ; i<ndat ; i++) {

if (t [i]>params[0] && t [i] <params [3] ){
temp += (force[i+l]+force[i])/2.0*(t[i+l]

-t [i] )*veloLoad;
work[i]=temp;
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}else

if(t[i]>params[4] && t [i]<parains[6]){
temp += (force[i+l]+force[i])/2.0*(t[i+l]

, ^ ^ -tCi])*veloUnload:
work[i]=temp;
}else

work[i]=temp;

>

}

}/* end calcWork */

void calcHeatProfileCint ndat){

int i,j;

float
^empl,temp2.temp3,avpr,diff.pr.alpha.beta.gamina,tau.star;

/ calculate deconvolution parameters */

templ=Cl*C2*TAUl*TAU2;
temp2=Cl*TAUl+C2*TAU2;
temp3=Cl*C2*(TAUl+TAU2)

;

alpha=Cl*C2/(Cl+C2)
;

beta=templ/temp2;
gamma=t emp3/temp2-t empl* (C1+C2) /pow(temp2 ,2.0) -alpha •

tau_star=temp2/(Cl+C2)
;

'

/reset temporary variables */
templ=0 .

0

temp2=0.0
temp3=0 .

0

/start calculating heating rate and heat profile /
f or (i=0 ; i<ndat-l ; i++){
avpr=- (pr [i+1] +pr [i] ) /2 . 0

;

tempi += alpha^avpr+(t [i+l]-t [i])

;

temp2 += gamma^avpr^expCt [i]/tau_star) + (t[i+l]-t[i])

;

temp3 += gaiiima/tau_star^avpr^exp(t [i]

/tau.star) (t [i+1] -t [i] )

;
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/calculate average slope */

diff_pr=0.0;

for(j=i; j<i+10;j++){
diff.pr += (pr[j + l]-pr[j])/(t[j+i]-t[j]);

heat.rate [i] =alpha*avpr+beta*dif f _pr/ ( j -i)

,
"^xP^^-t W/tau_star)*temp3:

heat[i]=templ+beta*avpr+exp(-t[i]/tau_star)*temp2;

}/* end calcHeatProf ile */

void sgolay_filter(float yC], int ndat){
/* does the savitzky-golay smoothing on the data

Filter parameters are M=4, nl=5,nr=5 */

float *vector(int size);
float *sg,temp,*vals;
int i,j;

/* allocate memory */

sg=vector(ll)

;

vals=vector(ll)

;

/* Assign savitzky-golay coefficients */

sg[0] 0.042;
sg[l] -0.105;
sg[2] -0.023;
sg[3] 0.140;
sg[4] 0.280;
sg[5] 0.333;
sg[6] 0.280;
sg[7] 0. 140;

sgC8] -0.023;

sg[9] -0. 105;

sgClO] 0.042;
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for(i=0;i<ll;i++){
vals[i]=y[i]

;

}

for(i=10;i<ndat;i++){
valsClO] =y[i]

;

temp=0.0;

for(j=0;j<ll;j++) temp += sg [j] vals [j] ;

y [i-5] =temp;

/ move the components of vals to accept the next data point */

f or ( j =0
; j < 1 0 ; j ++) val s [ j ] =vals

[
j + 1] ;

}

/* deallo cate memory */

free(sg)

;

free(vals)

;

}/ end sgolay.f ilter /
void mov_avg_filter(float y[],int ndat,int window){

float *vector(int size);

float temp, vals;
int i,j;

/* allocate memory */

vals=vector (window+1)

;

/* initial assignment of values in the window */
temp=0 . 0

;

f or (i=0 ; i<=window; i++){
vals[i]=y[i]

;

temp += vals [i]
;

>

f or(i=window; i<ndat-l ; i++){

y[i-window/2]=temp/( (float) (window+1))

;
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for(j=0; j<window;j++) vals [j] =vals [j+1] ;

vals [window] =y [i+i]
;

temp += vals [window]

;

}

/ deallo cate memory */

free(vals)

;

}/* end mov_avg_f ilter */
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