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In the 50's, the term"thernmal anal ysis" neant sinply heating a sanple in
a capillary nelting point tube to neasure the nelting point, or
incinerating it to neasure its ash content. And that was about all there
was to thermal analysis.

Now the termis applied to a host of tests, including DSC (differenti al
scanning calorinmetry), TGA (Thernogravinetric anal ysis), and DVMA (dynam c
mechani cal anal ysi s).

DVA is a shortened form of Dynam ¢ Mechani cal Thermal Anal ysis (DMIA),
whi ch i s another nane for Dynam c Mechani cal Rheol ogi cal Testing (DVRT).

DVRT is the preferred nane because this node of thernmal analysis is
rooted in the science of rheol ogy.

In the follow ng sections, sone of the features and benefits of DVRT are
presented, relevant el enments of rheol ogy are defined, DVRT nethods are
expl ai ned, and sone applications of DVRT to polynmer studies are given.

Features and Benefits of DVRT

Dynam ¢ mechani cal rheol ogical testing (DVRT) is probably the nost
versatile thermal analysis nmethod avail abl e, and no other single test
nmet hod provides nore informati on about a sanple in a single test. Besides
providing inportant material property data, DVRT provides a direct |ink
between a material’s chem cal nmakeup and its nechani cal behavi or.

Materials can be characterized by DVRT regardl ess of their kind, their
physi cal state, or the formin which they are used.



The material may be;

e A thernoplastic, a thernoset, or an el astoneric polyner.

e A polyner blend or "alloy";

e« Aliquid, a nelt, or a solid;

* A soft solid such as cheese or toothpaste;

e Afoam wet or dry, soft or rigid;

e A dispersion, emnmulsion, or solution;

e "Neat" or with extenders, fillers, pignments, plasticizers, or

fibers.

Usual ly, testing is nondestructive and only snmall sanples are needed,
an advantage for testing experinmental naterials.

And DVRT can extend beyond the present. Inportant as it is to
know how a material behaves now, it is often nore inportant to know
how the material will behave weeks, years, even decades |later. DVRT
provides this ability. Using the Boltzmann superposition principle,
ti me-tenperature superposition, time-strain superposition, or
ti me-concentrati on superposition and specialized conputer software,
rheol ogi cal data generated in mnutes or hours can be used to
predict long-termmaterial performance.

What DVRT is all about is described below, after a brief discussion of
sonme rel evant el enents of rheol ogy.

What |s Rheol ogy?
Rheol ogy. Rheology is the science that studies the deformation and fl ow of
materials in liquid, nelt, or solid formin terns of the material's
el asticity and viscosity. This is acconplished by applying a precisely
nmeasured strain to the sanple to deformit, and accurately nmeasuring the
resulting stress devel oped in the sanple. The devel oped stresses are
related to material properties through Hooke’s and Newton’s | aws.
Elasticity. Elasticity is the ability of a material to store defornational
energy, and can be viewed sinply as the capacity of a material to regain
its original shape after being deforned.
Viscosity. Viscosity is a neasure of a material’s resistance to flow
Vi scoel asticity. Materials respond to an applied displacenent or force by
exhibiting either elastic or viscous behavior, or a conbination of these,
cal |l ed viscoel astic behavior. Mst polyners are viscoelastic, their
nmechani cal properties showing a marked tinme- and tenperature- dependence.
Stress. Stress is a distribution of forces over an infinitesimal area.
Strain. Strain is a neasure of a body’'s change in shape. The change in
strain wwth tine is the shear rate. The change in strain wth tinme
is the shear rate.




Hooke’s | aw. Hooke’ s | aw defines the nechani cal behavior of an ideal solid,
relating the applied strain (€ or y) to the resultant stress (o or 1)
through a factor called the nodulus (E or G. Thus, o = Ee (tension,
bending) or T = Gy (shear). The nodulus is a neasure of the material's
stiffness (i.e., its ability to resist deformation). The linear region in
whi cht he nodul us does not change when the strain is changed is called the
Hookean regi on.

Newt on’s Law. Newt on devel oped a relationship simlar to Hooke's |aw for

i deal viscous fluids, relating the stress (1) linearly to the shear rate
(dy/dt). Thus, 1 = ndy/ dt, where nis the coefficient of viscosity. Afluid
is Newtonian if, when sheared, its viscosity does not depend on shear rate.
Theory of Linear viscoelasticity. The foregoing rel ationships are tied
toget her by an el egant, overall theory of viscoelasticity!. So long as the
measurenents of stress and strain are made in the |inear viscoelastic
region, any of various viscoelastic functions can be cal culated from

anot her, and the various superposition nmethods can be enpl oyed.

Newt oni an Ver sus Non- Newt oni an Fl ow. Water and mneral oil are New oni an
but not many other materials behave this way. Most fluids are non- New oni an,
their viscosity changing with changes in shear rate. This nmeans the
expression T = ndy/dt is only valid at a particular shear rate. Changing the
shear rate changes the viscosity. Six types of non-New oni an behavi or are
known, differing by how the viscosity changes with shear rate, and whet her
or not the flow pattern is tine-dependent. The tine-independent types are
cal |l ed Bingham plastic, pseudoplastic, and dilatant; the tine-dependent
types are called thixotropic and rheopectic.

For Binghamfluids, a critical yield stress (T.) nust be exceeded before
fl ow begins. Until then, the material behaves as a Hookean solid; beyond T
it behaves as a Newtonian fluid. No-Drip paints and ketchup are Bi ngham
fluids.

In contrast with Bingham fluids, nost fluids show a curvature in their
stress versus strain rate curves after exceeding the critical stress, and
t he apparent viscosity decreases, until a linmting value of (T) is reached.
Beyond this point, the shear rates varies linearly with stress and the
vi scosity becomes constant. This is known as plastic flow, exhibited , for
exanpl e, by toothpaste, lipstick, and oil drilling nuds.

For many materials, flow begins as soon as strain is applied. This is
cal | ed pseudoplastic flow. Al so, because the fluid s viscosity decreases
with increasing shear rate, the phenonenon is described as being shear
t hi nni ng.




Mol t en pol ynmers, polyner solutions, bread dough, and a variety of
suspensi ons, enul sions and other structured fluids used as
pharmaceutical s and cosnetics exhibit pseudoplastic flow

Moi st sand, PVC pl astisols, aqueous suspensions of penicillin powder, and
ot her densely packed di spersions increase in viscosity when they are
sheared at an increasing rate. After the altered structure stabilizes, the
vi scosity becones constant. This shear behavior is called dilatancy.
Since the viscosities of plastic, pseudoplastic, and dilatant fluids vary
wi th shear rate, any nmeasurenent of their viscosity nade at a single shear
rate has little neaning. To conpare neaningfully the flow properties of one
non- Newt oni an fluid with another, the viscosity of each nust be neasured
over a range of shear rates — and the range nmust be the sane for both. The
sanpl e tenperatures nust also be the sanme and be controlled during the test.

For the described non-Newtonian fluids, the shear stress, shear rate
relation is tinme-independent. But dispersions stabilized by an interna
network structure undergo a changing stress with tine due to structure
breakdown under an applied strain. If the shearing action is stopped and
the dispersion is not disturbed, the structure redevel ops. Such behavi or
is called thixotropy, a commercially significant property of materials
such as paints, mayonnai se, and cough syrups.

Whereas a thixotropic fluid s viscosity decreases with tine under a
constant shear rate, rheopectic fluid s viscosity increases under these
condi ti ons.

The various types of non-Newtonian flow are illustrated in Figures 1 and 2.
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What DVRT is ALL About?

DVRT is a |laboratory test nethod in which rheological data far a
material are generated using a rheoneter (e.g., Rheonetrics Mechanica
Spectronet er RVS-800, Fluids Spectroneter RFS I, or Solids Anal yzer RSA
1) and sophisticated software. The material is characterized in terns of
its nmodul us, elasticity, viscosity, danping behavior, and glass transition
tenperature, and the changes of these with strain, strain rate,
tenperature, and oscillatory frequency.

How DVRT works. I n a dynam c nechani cal rheological test, an oscillating
strain (sinusoidal or other waveformis applied to a sanple and the
resulting stress developed in the sanple is neasured. The output signals
are anal yzed, and, using established mat hemati cal nethods, the rheol ogi ca
paraneters are comnputed.

| deal Solids. For solids that behave ideally and foll ow Hooke's |aw, the
stress is proportional to the strain anplitude, and the stress and strain
signals are in phase.

| deal Fluids. For fluids that behave ideally, the stress is proportional to
the strain rate (Newton’s Law). Here, the stress signal is out of phase
with the strain signal, leading the strain signal by 90°

Vi scoel astic Materials. The stress signal generated by a viscoelastic

mat eri al can be separated into two conponents: an elastic stress in phase
with the strain, and a viscous stress in phase with the strain rate (90°
out of phase with the strain). The elastic stress neasures the degree to
whi ch the material behaves as an ideal solid; the viscous stress, the
degree to which the material behaves as an ideal fluid. This separation of
the stress conponents vectorially allows the material's dependence on
strain anplitude and strain rate to be neasured sinultaneously.

Modul us. The el astic and viscous stresses ere related to naterial properties
through the ratio of stress to strain, the nodulus. The ratio of the elastic
stress to strain is the elastic (or storage ) nodulus G; the ratio of the
Vi scous stress to strain is the viscous (or loss) Mdulus G. Wen testing
is done in tension or flexure rather then in shear, E and E’ designate the
el astic and vi scous noduli.

Conmpl ex Modul us. The conplex nodulus G = G + G reflects the contribution
of both elastic and viscous conponents to the material’s stiffness.

Compl ex Viscosity. The conplex viscosity n* is a neasure of the material’s



overal |l resistance to flow as a function of shear rate.

Danpi ng Factor. The ratio of the viscous nodulus to the elastic nodulus is
the tangent of the phase angle shift & between the stress and strain
vectors. Thus, G /G = tan & This neasures the danping ability of the

mat eri al .

The d ass Transition. During nmeasurenent of the nmoduli (G, G') and danping
behavi or (tan o) of a polyner at a chosen oscillatory frequency over a
sufficiently wide range of tenperature, the effect of the polynmer’s gl ass
transition can be clearly observed. The glass transition (sonetines call ed
the a transition) is a reversible change of the polymer between rubbery and
gl assy states, and the tenperature at which this occurs, called the gl ass
transition tenperature Ty, can be neasured accurately by DVRT. In fact,
DVRT is considered the nost sensitive nmethod for neasuring a nmaterial’s

gl ass transition tenperature.

The glass transition is detected as a sudden and consi derabl e (several
decades) change in the elastic nodulus and an attendant peak in the tan &
curve. This underscores the inportance of the glass transition as a
material property, for it shows clearly the substantial change in rigidity
that the material experiences in a short span of tenperatures. Accordingly,
the glass transition tenperature is a key factor in deciding the useful ness
of a polymer.

But nerely knowi ng the tenperature at which the glass transition occurs
(all that DSC and TGA provide) is not enough. Besides being a nore accurate
measure of Ty, DVRT tells nmuch nore about the material before and after the
gl ass transition. DVRT al so neasures the rubbery plateau nodul us which is
much nore sensitive than is Ty for detecting, for exanple, snal
di fferences in a thernoset polyner cure |evel.

Figure 3 shows that DVRT provides not only the Ty for an injection nol ded
acrylonitrile-butadi ene-styrene (ABS) plastic part and the change i n nodul us
due to the glass transition, but also it sensitively detects residual
strains in the unanneal ed part. The effects of the residual strains are seen
in a higher tan & over a range of tenperatures and a shift in the secondary
B transition.

Normal Stresses. Wen elastic materials are sheared, besides the shear
stress that develops in a direction parallel to the shear force, other
stresses develop in a direction perpendicular or “normal” to the shear
direction. These are called normal stresses, and are involved in phenonena
such as die swell and nelt fracture.



Only differences between normal stresses are rheologically significant. The
first normal stress difference Ti1 - To2 (called N;) can be cal culated from
measurenents using cone and plate geonetry. The second nornal stress
difference Ty, - T33(N) is obtained from neasurenents using ot her geonetries.
Stress Rel axation and Creep. The foregoi ng di scussion has been confined to
dynam c rheological testing in which oscillatory strains are appli ed.
Rheonetrics rheoneters can also apply a steady (non-oscillatory) strain to
the sanple. The stress required to naintain that strain over tine is
nmeasured, and fromthese data a stress relaxation nodulus t) or E(t) is
calculated. Stress relaxation is the nost fundamental manifestation of the
vi scoel asticity of polyners.

Creep tests are ran just the opposite of stress relaxation tests. Creep is
nmeasured by inposing a constant stress in torsion, conpression, or tension
on a sanple and recording the deformati onal response (strain) over tine.
Both stress relaxation and creep can be neasured routinely with Rheonetrics
rheoneters.

Figure 4 shows a typical creep curve. If the stress and strain are in the
| i near viscoelastic region, J% and no, can be calculated fromthe data. J%
is the equilibriumcreep conpliance and no i s the zero shear viscosity. The
equi libriumcreep conpliance, a neasure of stored energy, is inportant in
extrusion, and is sensitive to nol ecul ar weight distribution.

The zero shear viscosity no, is a sensitive neasure of nol ecul ar wei ght.
For | ow wei ght average nol ecul ar weights (no entanglenents), no i s
proportional to M,for high M, nois proportional to M>*
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This is shown in Figure 5.
To further illustrate the utility of DVRT, Figure 6 shows a frequency

sweep of a typical polyner. Besides these data, information about M, can be
obtained formn*, and the follow ng cal cul ati ons can he nmade: n, fromG’;

J% fromG; and A, (used to estimate die swell) fromne x JC.

Ti me- Tenperat ure Superposition. Oten, it is desirable to base the behavior
of a material beyond the operational ranges of a given instrunent, or at
time intervals ,short or long, that are difficult or inconvenient to
nmeasure. DVRT provides a solution to this dilenma. For exanple, data taken
in the frequency domain over a range of tenperatures ran be connected
automatically to a master curve in the tine domain. This is possible because
time and tenperature effects are equivalent; also the aggregate effect of
applying a series of stresses is the SUMof the effects of applying each
stress separately (Boltzmann’s principle). This provides a convenient way to
predict, for exanple, long-termaging and di mensi onal creep of materials
from short-term nmeasurenents.

Appl i cati ons of DWMRT
DVRT can characterize the structure and fl ow properties of soft solids and
structured fluids (enul sions, suspensions, and gels).?3 Tests can be ran at
| ow deformations to neasure the “at rest” structure, or at high
deformations to sinulate use (e.g., applying a coating, or silk-screening
ink).%?®
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The behavi or of thernoplastics during nelt processing operations is
governed mainly by the polynmer nol ecul ar wei ght, nolecul ar wei ght
di stribution, degree of branching, and filler content. DVRT data from
nol ten sanples can be used to relate the effects of these paraneters to
processability (e.g., die snell and extrusion ease), and data fromsolid
pl astics can be used to relate pol ymer norphol ogy and structure to end-use
performance. For exanple, mnmeasurenments of a materials glass transition
t enper ature and danpi ng behavi or can be used to predict use tenperatures,

i npact properties and stiffness.®”® Also, DVRT data can be used to
cal cul ate the nol ecul ar wei ght distribution of polyners,® and, using
Rheonetrics software, this can be acconplished with a push of a button.

For thernosetting polyners, DVRT can neasure the rheol ogi cal changes
occurring during the curing reaction as the resin transforns froma | ow
melting solid to a low viscosity liquid, then through the gel point w thout
di srupting the gel structure, and finally to a highly crosslinked, stiff
solid. " |n fact, the entire curing process can be simulated by the
rheoneter to provide production guidelines.?'?

For el astomers, DVRT has been used to study the effects of nastication
during the processing of various grades of natural rubber;'® to detect the
effects of | ong-chain branching on processability of oil-extended rubber
using time-concentration superposition, and to detect subtle differences in
processi ng by maki ng | ow frequency, |ow shear rate neasurenents rather than
hi gh frequency, high shear rate nmeasurenents;'* to characterize cure
behavior; ! to linearize nonlinear data at |arge deformations using
time-strain superposition; 1 to optimze tack and peel strength of
pressure sensitive adhesives;!® to predict the friction coefficient of tire
rubber, and explain the mechani smof hysteresis friction;'® to relate tire
rubber conpound DVRT data to tire perfornmance (rolling resistance,
traction, wear, handling, cornering);? to inprove the solvent resistance of
neopr ene- epi chl orohydrin; 2! to characterize el astonmeric dental inpression
material s;?? and to design and test elastoneric seals,?®? to cite just a few
exanpl es.

The | atest | nnovations in DVRT
Si mul t aneous Multiple Frequency sweeps. Called MiltiWave, this new test
node from Rheonetrics provides the ability to test a sanple at severa
oscillatory frequencies simultaneously, rather than sequentially at
di screte frequenci es.



Mul ti Wave i s advantageous for quickly testing nmaterials that change (e.g.,
pol yneri ze, or degrade thermally or oxidatively) as the test progresses. In
fact, using MultiWave, the exact nonent of thernpbset gelation can be
identified by measuring tan & at several frequencies sinultaneously.?®
Arbitrary Wavef orm Mode. Besides the standard sine wave oscillatory
deformation normally used in dynamc tests, Rheonetrics rheoneters can
inmpart deformations in virtually any user - selected waveform definable by a
mat hemati cal equation by neans of an Arbitrary waveform Mdde. This node al so
speeds testing and, besides being useful for testing materials that may
change rapidly with tinme, the Arbitrary Wavef orm node can be used for

nodel i ng shear behavior in processes, and for increasing transient test
sensitivity.

Requi red Instrunentation
Har dware. Not all rheoneters can nake the foregoi ng nmeasurenents and sone
do not provide the precision and accuracy that workers at the | eading edge
of materials technol ogy have becane accustoned to. Suitable rheoneters
will:

0 Accommpdat e sanples as liquids, nelts, solids.

0 Apply both oscillatory and steady strains with direct drive actuators
for maxi num accuracy.

0 Apply strains at nultiple frequencies sinultaneously.

0o Apply strains sinusoidally and in any nmathematically defined waveform

0 Resolve small strains precisely (O 0005 to 0.5 nrad for rotationa
rheonmeters, = 0.001nm for |inear displacenent rheoneters).

o Enploy a | owconpliance, non-hysteretic transducer to assure that only
sanple notion is being detected, and neasure this notion w th maxi num
accuracy.

o Measure torques over at |least a 1000-fold range to test a sanple over

a W de shear rate and tenperature range w t hout changi ng
transducers.

o Measure viscosity over a vide range (102 to 10° poi ses).

o Measure normal forces.

0 Measure stress relaxation and creep.

o Automatically control tension to conpensate for material expansion and
contraction during tests — and neasure the coefficients of expansion
and contraction.

o Automatically control strain to increase the neasurenent range as a
sanpl e softens or hardens.



o Conpensate for fixture inertia in tests of fluids.
o provide a sufficiently wide and stable sanple tenperature range (e.g.,
-150° to 600°C, with £0.5°C stability).
o provide an inert gas atnosphere for sensitive materials.
o have conputer - controlled operation using advanced software.
Comput er Software. The software for Rheonetrics rheoneters manages data
col l ection, storage, transfer, and anal ysis.
Anal ytical and manipul ative capabilities include;
o Statistical analyses;
0 Cubic spline interpolation;
o Curve approxi mations: polynom al, exponential, and Fourier series;
o Model equations: power |aw, Bingham plastic, exponential, ElIlis,
Arrheni us, Herschel Buckl ey, Casson, user-defined;
Rel axation and retardation spectra; nolecul ar weight distributions;
Mul tiple curve editing for automati c or manual tinme-tenperature
superposition to produce master curves;
o0 Automatic test sequencing for round-the-clock, unattended testing.
Figure 7 shows the nol ecul ar weight distribution of a polystyrene sanple
cal cul ated automatically from DVRT data usi ng Rheonetrics software. Figure 8
shows a master curve for a sanple of PVC generated using tine-tenperature
superposition. Fromtests made over only too and one-half decades of
frequency at six tenperatures, the behavior of PVC over seven decades of
frequency was cal cul ated autonmatically with Rheonetrics software.
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