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INTRODUCTION

E
nvironmental regulations have forced the paint
and coatings industry to limit the emission of
organic volatiles from their products during manu-

facturing, processing, and end use. Consequently, there
is a significant focus, among the researchers in academia
and industry, on developing water-based polymer coat-
ings with zero volatile organic content (VOC). Among
the areas investigated intensely are the mechanism of
film formation from latexes, coalescence of polymer par-
ticles leading to interdiffusion across particle bound-
aries, film-forming ability of different materials, me-
chanical and viscoelastic properties, and blend morphol-
ogy. A good collection of articles covering these areas of
research is presented in a recent symposium series from
the American Chemical Society.1

The design of protective coatings is usually based on
their corrosion resistance, permeabilities, appearance,
ultraviolet and chemical resistance, long-term stability,
etc. The issues of stresses in multilayer coatings (leading
to cracking and delamination), mechanical strength, and
toughness are seldom addressed in as much detail. In
this article, we present a thermodynamic evaluation of
the mechanical response of a waterborne blend coatings
system in terms of the work, heat, and internal energy of
its deformation using the technique of differential gas
pressure calorimetry developed earlier in our research
group. The power of deformation calorimetry lies in the
simultaneous measurement of both the 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 for a fundamental understanding of the
material’s response to deformation. Even though differ-
ent materials, such as metals, elastomers, and glassy
polymers, may show similar stress-strain curves, the
underlying mechanisms controlling their deformation
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Acrylic-based latex blend coatings, comprising

a hard (Tg = 45°C) and soft (Tg =  –5°C) phases

are evaluated in terms of the total energy they

absorb before failure in a tensile test. Simulta-

neous measurement of the work and heat of defor-

mation using a novel technique of differential gas

pressure stretch calorimetry enables an estimate

of change in their internal energy by application

of the first law of thermodynamics. As the hard

phase content of the blend is increased from 0-

100%, its stiffness and tenacity increase, while

the toughness (i.e., the energy to failure) under-

goes a maximum at an intermediate composition.

A partitioning of the mechanical work into heat

and internal energy over the complete range of

blend composition highlights the result that a

simultaneous maximization of the heat dissipa-

tion and energy absorption is necessary to maxi-

mize blend toughness. This provides a new frame-

work in which the properties of blend systems can

be tailored in terms of their stiffness and tough-

ness to design improved coatings.

are quite different. Lyon,2 for example, has shown that
elastomers exhibit entropy elasticity and release heat
upon stretching. Also, the hysteresis in the work ex-
pended in a closed load-unload cycle is balanced by that
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in the heat, thereby resulting in an unchanged internal
energy. When stretched to large extension ratios, these
elastomers release a significant amount of heat by strain-
induced crystallization which is absorbed back upon
unloading. Calorimetric measurements of Adams3,4 show
that both metals and glassy polymers exhibit similar
behavior in the elastic range with an endothermic re-
sponse to applied tension. At large strains, however,
their behavior is quite different. Most metals dissipate
nearly all the applied work as heat with no change in
their internal energy. Consequently, it is possible to de-
form them to large extensions without failure. Glassy

polymers, on the other hand, are able to dissipate only a
fraction (typically 40-50%) of the applied work so that
their internal energy rises significantly during mechani-
cal deformation. As a result, these polymers cannot be
stretched to large extensions as mechanical failure oc-
curs once their internal energy reaches a critical level.
Adams4 has shown that the absorbed energy remains
latent in the material and is released when it is exposed
to a temperature higher than the glass transition.

In a multilayer coatings application, variations of tem-
perature and humidity during end use subject the mate-
rials to cycles of stress. In each cycle, the material ab-
sorbs a fraction of the mechanical energy thereby in-
creasing its internal energy. After several such cycles,
the internal energy may rise to a level that is sufficient to
cause stress cracking or delamination. It is therefore
important to study the mechanical behavior of these
materials from an overall energy balance approach to
quantify their energy-absorption and energy-dissipat-
ing characteristics. An optimum combination of these
characteristics is likely to yield materials for superior
coatings performance.

In this article, we have applied the technique of differ-
ential gas pressure stretch-calorimetry to study an acrylic-
based latex blend system comprising a hard (Tg = 45°C)
and a soft (Tg = –5°C) phase mixed in varying propor-
tions. The partitioning of the mechanical work into heat
and internal energy change is directly measured over
the complete range of blend composition expressed at
the % (by volume) of the hard phase.

BACKGROUND

A Brief Historical Perspective

Interest in thermal effects arising from mechanical de-
formation was first sparked by John Gough5 in 1805 who
reported, among other things, that a piece of rubber felt
warm to the touch upon stretching. Theoretical formula-
tions of thermoelasticity were subsequently developed
by Lord Kelvin6 in 1857, and later verified experimen-
tally by his associate J.P. Joule7,8 in 1859. Nearly 70 years
later, Quinney and Taylor9,10 made more precise mea-
surements of heat capacity changes in metals that had
been cold worked in their two-step anisothermal micro-
calorimeter.

Duvdevani et al.11,12 constructed the first modern de-
formation calorimeter based on gas thermometry to mea-
sure heats of deformation. Later, Calvet and Pratt13 em-
ployed a pile of thermocouples in their microcalorimeter
to directly measure changes in gas temperature flowing
around a sample being deformed, with respect to an
identical reference chamber. Their calorimeter operated
on the basis of the Tian-Calvet equation,13 which enables
the calculation of heat by deconvolution of temperature-
time data. Godovsky14 later developed a completely au-
tomated version of the Calvet-Pratt calorimeter with a
sensitivity down to 0.2 µW.

Muller and Engelter15 developed the first gas pres-
sure calorimeter that used a compensating scheme to
balance the rise in differential pressure of a sealed vol-

Figure 1—Theoretical differential pressure re-
sponse for a constant step heating rate input.

Figure 2—Schematic sketch of the deforma-
tion calorimeter.
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ume of a gas in the sample chamber by providing an
equal electrical heat input to the reference chamber. Lyon
and Farris2,16,17 constructed a modified version that could
measure exothermic as 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 was similar to the
Tian-Calvet analysis of the temperature-time data. Lyon18

later built another improved and more sensitive calo-
rimeter which is used in the current research.

Stretch-calorimetric studies reported in the literature
thus far have included measurements on natural rub-
ber,2,19-22 segmented polyurethanes,23-28 thermoplastic
homopolymers, and glassy polymers.3,29-31 Another
unique application of stretch calorimetry has been to
demonstrate the gross over-estimation of strength of
adhesion measured by peel testing.32-34 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 deforma-
tion via bulk deformation of the material being peeled.
The peel test, consequently, provides greatly overesti-
mated values for adhesion.

Theory of Operation

The deformation calorimeter used to measure the ther-
modynamics of deformation of latex blend films oper-
ates on the principle of gas pressure calorimetry. In a
quasi-isothermal system, pressure changes, ∆P(t), in a
fixed volume of gas surrounding the source of heat (such
as a material being deformed) with respect to an identi-
cal reference chamber are related to the heat flux2,16:
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Figure 1 shows a typical differential pressure response
to a constant step heating rate input. Once the thermal
capacitances, Ci, and time constants, τi, are known, equa-
tion (1) is easily deconvoluted using Laplace transforms

to obtain the following relationships for dynamic heat
flux and total heat36:
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The total work done on the sample is available from
the area under the force-displacement curve, which for
constant velocity, υo, is given as:

W t f t dt
t

( ) ( )= ∫υ0 0
 (11)

The change in internal energy is then estimated from
equations (6) and (12) as:

∆U(t) = Q(t) + W(t) (12)

The signs of Q(t) and W(t) are determined by whether
energy is being added to the sample, or removed from it.
Thus, Q(t) is negative for heat lost to surroundings (exo-
thermic), whereas work is positive for work done on the
sample.

Calorimeter Schematic

Figure 2 shows the schematic of the deformation calo-
rimeter. The calorimeter cell block, made out of stainless
steel, sits submerged in a temperature controlled bath.
The cell block has two identical cylindrical cavities con-
nected by a very sensitive differential pressure trans-
ducer. The cavities are isolated from the surroundings
by values at the top and by mercury seals at the bottom.
Small thin film samples are installed in the sample cav-
ity 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 µm) polyimide
baffles are installed at regular intervals in the sample
cavity to minimize convection effects arising at high

(6)

(10)

(5)

(7)

(8)

(9)
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heating rates. Samples are deformed in a uniaxial tensile
mode by pulling the support wires using a constant
speed motorized screw drive. Strain rates are controlled
by changing the pre-set speed of a Motomatic® motor. A
Tavis model P8 transducer (0.02 psid for full scale de-
flection of 5V) measures the differential pressure; a Sony®

GS-30E magnescale (effective length = 300 mm) mea-
sures 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.

Calibrations

ELECTRICAL CALIBRATIONS: Thermal capacitances, Ci,
and time constants, τi, are obtained by fitting a two-term
exponential function to the response measured in a con-
trolled calibration experiment using electrically gener-
ated heat pulses. A test wire of known resistance, sup-
ported 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. The 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 com-
bined sample instrument system.

Figures 3a and b show the data used to determine the
calibration constant in a typical calibration experiment
with a 10 cm long nichrome wire having a resistance of
12.79 Ω and pulse magnitudes of 8-50 mA and durations
of 80 sec. The slope of a linear regression, forced through
the origin, of the pressure-time integral versus total heat,
and steady-state pressure versus pulse magnitude yields
the inverse of the overall calibration constant α given by
equation (7). The thermal capacitances and time con-
stants for the sample and the calorimeter are calculated
by the best fit of the pressure-time data, and the results
are shown in Table 1.

It is seen from the calibration data that the linearity of
the pressure response to the input heat flux is main-
tained 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 4a and b, the calibration constant is not
affected by the length of the heating source.

CALIBRATIONS WITH NATURAL RUBBER: In order to get a
complete energy balance, and values of changes in inter-
nal energy from equation (13), we need to ensure that
both heat and work values are correct. This is accom-
plished 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 calorim-
eter and stretched to various extension ratios and subse-
quently unloaded back to the original length. Since the
overall change in internal energy over the complete load-
unload cycle is zero for a reversible process, the hyster-
esis in work should match exactly that in the heat.

Typical profiles of the differential pressure and the
force in response to the stretching of the rubber band is
shown in Figure 5 as a function of the extension ratio.
Initially, there is a small exothermic trend, almost at a
constant rate, due to the loss of entropy of the material.
At around an extension ratio of four, there is a sharp rise
in pressure indicating the onset of strain-induced crys-
tallization. Upon holding the sample at the extension
ratio of five, 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

Table 1—Calibration Constants Calculated from Electrical Cali-
bration Experiments

Calibration Parameter Value

Thermal capacitance (mW/V), C1 .................................. 10.49
Thermal capacitance (mW/V), C2 .................................. 22.59
Time constant (sec), τ1 ................................................. 2.50
Time constant (sec), τ2 ................................................. 44.1
Combined capacitance (mW/V), α ................................ 7.172

Figure 3—Pressure time integral and steady-
state pressure data from electrical calibration
experiments.
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followed by a gradual rise to the original baseline pres-
sure at zero stretch. As explained by Lyon,2 there is a
combination of crystal melting and recrystallization dur-
ing the unloading of rubber.

Figure 6 displays the calculated heat, work, and inter-
nal energy profiles normalized by the weight of the
sample, as a function of the 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 crystal-
lization.

EXPERIMENTAL

Materials and Sample Preparation

Methylmethacrylate-based copolymer latexes were syn-
thesized by Dr. G.D. Andrews 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 latexes were 3:2 and 2:3, respec-
tively, and these were stabilized by 0.35 and 0.17% (on
molar basis) ammonium lauryl sulfate (ALS). Particle
sizes of these latexes, as measured by dynamic light
scattering, were of the order of 100 nm. Unless men-
tioned otherwise, these two copolymers will be referred
to as “hard” and “soft” in the subsequent description.

Blend films of the two copolymers were cast from the
aqueous dispersions on a glass plate, dried at 70°C for 3-
4 hr and annealed at 130°C for 20 min. Films were easily
removed from the glass plates with the aid of water. The
time of exposure to water was minimized so as to limit
the amount of absorbed water, and excess water was
wiped off from the surface with Kimwipes®. The films

Figure 4—Pressure time integral and steady-
state pressure data from electrical calibration
experiments as a function of source lengths.

Figure 5—Differential pressure and force vs.
extension ratio for loading and unloading of
natural rubber.
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were later left to dry at room conditions. The composi-
tion of the blends was varied from 0% hard to 100% hard
phase to obtain a complete set.

It was further necessary to hot press these samples at
130°C to get uniformly thick films for mechanical test-
ing. The resulting thickness ranged between 100-200 µm,
and the films were annealed for a week at 50°C to re-
move any thermal history. All of the blend films were
clear and transparent although the hardness and dimen-
sional stability varied from very soft to hard 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 pre-
vent adhesion to work surfaces. ASTM D 638 (Type V)
dog-bone shaped samples were cut out of these films for
subsequent testing.

Techniques

TENSILE TESTING: Tensile testing was carried out using
an Instron™ model 5564 at room temperature. The data
was collected and analyzed using the Merlin Series IX
software. Samples were stretched with a crosshead speed
of 8.58 mm/min that corresponded to a strain-rate of
0.9/min for a gauge length of 9.53 mm. An optical exten-
someter, connected via a video camera, was used to
measure the displacement in the first one percent strain
of the sample for accurate estimation of the Young’s
moduli.

MODULATED DIFFERENTIAL SCANNING CALORIMETRY:
Modulated differential scanning calorimetry (MDSC)
experiments were carried out using a DSC2910 module
from TA Instruments under a helium (He) purge at a
flowrate of 80 ml/min. Small pieces (20-30 mg) were cut
from dried blend films and encapsulated in hermetically
sealed aluminum pans. The weights of the sample and
reference pans were matched to within 0.5 mg. Calibra-
tions for cell constant and specific heat relied on 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. Glass transition tempera-
tures were estimated by the half-width method.

STRETCH CALORIMETRY: Dog-bone shaped samples
(ASTM D 638, Type V) were mounted inside the calo-
rimeter cell using the method described by Adams,3 and
were left to equilibrate at 25°C for at least five hours.
After equilibration, they were stretched at a strain rate of
0.9/min to an extension ratio close to their break point
determined earlier by Instron. The soft samples (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 limitation on the total displacement of the
crosshead in the calorimeter. Once the force and pres-
sure signals stabilized at this extension, they were un-
loaded back to zero load. The energy values were calcu-
lated over the entire load-unload cycle and normalized
by the weight of the sample between the grips. Similar
experiments were conducted at 60°C; a temperature
above the Tg of the two phases. The strain rate in this
case was approximately 1.9/min, as the corresponding
value of 0.9/min used in experiments at 25°C yielded
poor signal-to-noise ratio in the calorimeter signal.

Figure 6—Heat, work, and internal energy of
deformation of rubber in the calorimeter at
25°C.

Figure 7—Stress-strain curves for acrylic blends.
Percent numbers indicate volume % hard
phase.
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RESULTS AND DISCUSSION

Thermo-Mechanical Characterization

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) are presented in Figure 7.
The soft blends are rubber-like and stretch to large ulti-
mate strains; the pure soft phase does not break even at
2500%. The hard blends, on the other hand, show dis-
tinct yield points and fail at 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 whit-
ening when they are stretched to large extensions but
return to their initial clear state after failure. This obser-
vation 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 or
cavitation of the rubbery particles.

Figure 8 shows the experimentally observed values of
Young’s moduli obtained from an Instron. These values
lie within the Hashin-Shtrikman bounds37,38 and are in
close agreement with the solution of Hill-Budiansky
equations.39,40 Similar results on systems of hard and soft
phases have been interpreted within the framework of a
percolation concept by Hsu41,42 and his co-workers. Dur-
ing their study on block copolymers of styrene and buta-
diene,41 and blends of a thermoplastic polyester with
ethylene-propylene-diene (EPDM) rubber,42 they found
that there was a rubber-to-glass transition upon increas-
ing the concentration of the hard phase (polystyrene and
polyester respectively in the previous references). At
low concentrations of the hard phase, they argue, the
mechanical response of the composite system is con-
trolled 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 thresh-
old; an idea first introduced for elastic networks by
De Gennes43 based on an approach similar to that adopted
for conductivity of a random network of resistors. The
moduli of our samples show that such a transition oc-
curs in the range of 20-40% hard phase in the blend.

The glass transition temperatures for the hard and
soft phases in the blends were calculated from MDSC by
the mid-point method and are shown in Figure 9. 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. A mismatch in thermal expansion
coefficients between the hard and soft phases introduces
an interfacial pressure as the blend is cooled from above
the Tg. Using the pressure dependence of Tg for
poly(methyl methacrylate) as a first approximation,
Agarwal et al.44 estimated a depression of 3-10°C in the
Tg of the soft phase. Similar results have been observed
for blends of polystyrenes with rubber, such as acryloni-
trile-butadiene-styrene (ABS), 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 complete ther-
mal characterization of these acrylic blends is presented
elsewhere.45

Stretch-Calorimetry

PROPERTIES OF THE PURE COMPONENTS: The pressure
versus extension ratio profiles shown in Figures 10a and
b highlight the different nature of the hard and soft pure
components. The pressure values have been normalized
by the sample weight for a paper comparison, and are
directly related to the transducer voltage (full scale de-
flection of 5V corresponds to a differential pressure of
0.02 psid). 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 of the lost
entropy during stretching as shown by the correspond-
ing endothermic pressure change.

Figure 8—Young’s moduli for blends as a func-
tion of composition. (a) and (b) Hashin-
Shtrikman bounds; (c) Hill-Budiansky theory.

Figure 9—Glass transition temperatures of the
hard and soft phases for blends.
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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 thermoelasticity2 that predict an en-

dothermic response for a material with a positive expan-
sion coefficient. Once the sample yields, the differential
pressure is exothermic due to energy dissipation during
the plastic deformation.

The calculated profiles of the work, heat, and internal
energy for the pure soft phase, as shown in Figure 11,
further highlights the entropic nature of its elasticity. As
the material is stretched, the input work is almost en-
tirely converted into heat on account of a 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 re-
mains in the sample at the end of the cycle as a result of
inelastic deformation, which mostly corresponds to vis-
cous 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 profiles of the work, heat, and internal energy
shown in Figure 12. The internal energy of the material
increases more than the input work owing to an addi-
tional heat absorption from the surroundings arising
from the thermoelastic effect. During the plastic defor-
mation beyond the yield point, the rise in internal en-
ergy is reduced by increased heat dissipation. These
energy values correspond only to the stretching of the
material since the sample 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 compari-
son to the overall work of loading for such glassy poly-
mers. A small exotherm is expected in heat upon un-
loading 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 con-
sistent with Adam’s measurements on a glassy poly-

Figure 10—Differential pressure change of the
pure soft and hard phases in the calorimeter
at 25°C at a strain-rate of 0.9/min.

Figure 11—Work, heat, and internal energy
changes for the pure soft phase in the calo-
rimeter at 25°C.

Figure 12—Work, heat, and internal energy
changes for the pure hard phase in the calo-
rimeter at 25°C.
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mer3,4 that absorb nearly 50% of the input work as addi-
tions 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 ap-
plied 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.

Godovsky14 has summarized the various mechanisms
by which energy could be dissipated or absorbed by
polymeric materials:

(1) Strain-induced crystallization and other phase
transformations.

(2) Intra-molecular conformation changes.

(3) Changes in the inter-molecular environment, such
as hydrogen bonding, Van der Waals attraction, ionic
interaction, etc.

(4) “Dislocations” of amorphous glasses associated
with plastic deformation below their Tg.

(5) Intra-, as well, as inter-molecular friction.

(6) Creation of new surfaces in the form of crazes
and cavities.

(7) Bond rupture.

The extent to which mechanisms influence the overall
energy dissipation or absorption characteristics of a ma-
terial 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 latent energy of deforma-
tion.

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 13-15. Again, the ultimate exten-
sion ratio was close to the break point determined earlier
by Instron. Energy values, normalized by the sample
weight, are calculated for the entire load-unload cycle.

The work of loading, as shown in Figure 13, 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 expended during
loading. The degree to which the expended work is
recoverable during unloading diminishes severely for
the hard blends (hard phase content of 30% or more) as
indicated by progressively large relative residual 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 deforma-
tion.

Figure 13—Work of cyclic deformation for
blends at 25°C. Percent numbers indicate vol-
ume % hard phase.

Figure 14—Heat of cyclic deformation for
blends at 25°C. Percent numbers indicate vol-
ume % hard phase.

Figure 15—Change in internal energy of cyclic
deformation for blends at 25°C. Percent num-
bers indicate volume % hard phase.
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Figure 14 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 exten-
sion ratio of 1.5 are remarkably different for the hard
and soft blends. These differences arise from the endo-
thermic 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 concentra-
tions of the hard phase 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 deforma-
tion.

The change in internal energy of these blends, as a
function of extension ratio, is shown in Figure 15. 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 GPa compared with that of 2.7 MPa
for the 20% hard blend. Even at large extension ratios,
where the range of blends available for comparison is
smaller, the stiffer blends have a higher level of internal
energy.

Figures 13-15 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.44 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 in-
version affects 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 16 summarizes the values of work, heat, 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 in-
creased 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 dissi-

Figure 16—Summary of work, heat, and inter-
nal energy after cyclic loading of blends in
the calorimeter at 25°C. Filled circles show the
energy to break values obtained from Instron.

Figure 17—Heat to work ratios for the cyclic
deformation of blends in the calorimeter at
25°C.

Figure 18—Summary of work, heat, and inter-
nal energy after cyclic loading of blends in
the calorimeter stretched at 60°C with a strain
rate of 1.9/min.
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pated as heat as shown by the heat to work ratio (Q/W)
values in Figure 17. 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 (∆U/W) is also invariant within the
uncertainty 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 dissipa-
tion 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 elonga-
tion to break results in lower values for the work (i.e.,
the area under the force-displacement curve). The ob-
served decreasing trend in the internal energy change is
supported by the invariance of Q/W values shown in
Figure 17. These results clearly demonstrate a synergistic
behavior of both the blend components to yield an opti-
mum combination of stiffness and toughness for the
60% hard blend.

At 60°C, both of the blend components are above
their Tg, although their moduli still differ by an order of
magnitude.44 However, there is little difference between
their energy absorption and dissipation characteristics,
as both are rubbery materials above the glass transition
temperature. Figure 18 summarizes the values of work,
heat, and internal energy at the end of a complete load-
unload cycle for a maximum extension ratio of 8.4. The
two-phase, rubber and glass-like response seen in Figure
16, 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 18 are within the uncer-
tainty of measurement on account of a 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 dissi-
pated as heat. The energy absorbing capability of the
hard phase is still significant despite a much diminished
stiffness.

In summary, our results provide ample motivation
for considering an optimization of both stiffness and
toughness of the coatings materials for improved perfor-
mance. Using a blend of different materials, it is possible
to improve film-formation characteristics, as well as ob-
tain long-term mechanical durability by maximizing the
toughness. A careful control of the Q/W ratio by ma-
nipulating the pure component properties and blend
morphology provides another tool for designing du-
rable coatings.

CONCLUSIONS

The distribution of work into heat and stored energy for
acrylic latex blend films has been studied using a defor-
mation 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 dissi-
pate 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
indicates a transformation to a hard continuous matrix
with soft dispersions consistent with the elastic proper-
ties measured earlier and interpreted within the frame-
work of a percolation theory. Blends with 60% hard
phase show a maximum in toughness by a simultaneous
maximization of heat dissipation and energy absorp-
tion. These results provide a new framework for select-
ing materials for superior coatings performance by a
careful consideration of the balance between energy dis-
sipation and energy absorption in terms of the Q/W
ratio.
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Nomenclature

C1, C2 — Thermal Capacitance (mW/V)

f(t) — force (N)

K(t) — Kernel function describing the transient re-
sponse of the stretch calorimeter

Q(t) — Dynamic Heat flow measured in the stretch
calorimeter (J/g)

  Q
•

— Heat flux (mW)

  Q
•

o — Constant heat flux in calibration experiments
(mW)

∆P(t) — Differential pressure measured in the stretch
calorimeter (Volts)

∆P(∞) — Steady state differential pressure at constant
heat flux (Volts)

t — Time (s)

∆U(t) — Change in internal energy (J/g)

v0 — Velocity of sample deformation (mm/s)

W(t) — Dynamic work calculated from force and dis-
placement data (J/g)

α, β, γ, δ, τ*—Calibration constants related to thermal
capcitances and time constants.

τ1, τ2 — Time constants (s)
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