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By Jon Foreman

Dynamic mechanical analysis of
polymers

Dynamic mechanical analysis i
(DMA)-is a thermal analysis tech- ., -
nique that meases the properties of .
materials as they are deformed un- sem
der periodic stress. Specifically, in E* = stress/strain
DMA a variablesinusoidalstress is E'=E*cosd
applied, and the resultant sinusoidal "= E*sind
strain is measured. If the material be- tan § = E"/E'
ing evaluated is purely elastic, the Figure 1 Viscoelasticity and complex
phase difference between the stresgmodulus.

and strain sine waves i$ (.e., they Figure 2 DMA 2980.

are :n mhase). 'rf] thﬁ ma(tjt_ef;ial IS Most DMA measurements are
purely viscous, the phase diiference made using a single frequency and :
is 90°. However, most real-world  constant deformation (strain) ampli- forces (stresses) over a wide dy-

materials including polymers are t,de while varying temperature. Eam!c rar;]g(:.(tof 0'00%_1%N; %n ar
viscoelastic and exhibit a phase dif- Measurements, where the amplitude ~ca "9 Shaft support and guidance
ference between those extremes o . system to provide frictionless con-

- : --of deformation is varied or where o, travel over 25 mm for evalu-
This phase difference, together with multiple frequencies are used, pro-

the amplitudes of the stress and ;ge further information. ating large samples (e.g., fibers as
strain waves, is used to determine a long as 30 mm) or for evaluating
variety of fundamental material pa- polymers at large oscillation ampli-
rameters, including storage and loss Instrumental considerations tudes £0.5-10,00Qum); an optical

encoder displacement sensor to pro-
vide high resolution (one part in 25
million) of oscillation amplitude,

modulus, tam, complex and dy-
namic viscosity, storage and loss
compliance, transition tempera-

There are several components
that are critical to the design and re-

tures creep and stress relaxation sultant performance of a dynamlc which results in excellent modulus
' ' 'mechanical analyzer. Those compo- precision £19%) and tard sensitiv-
as well as related performance at- nonis are the drive motor (which (0.0001); and a bifilar-wound
tributes such as rate and degree OfSupplies the sinusoidal deformation falrna;:e complemented by a gas
cure, sound absorption and impact force to the sample material), the cooling accesZOry to allow);\ brc?ad

(rjgsistanqe,_ and m?]rpholﬁgy. IThe drive shaft support and guidance (omoerature range (~150 to 6UD)
liagram inFigure 1shows the rela- gy qiem (which transfers the force 0 be covered. The DMA 2980 also
tionship between several of these ¢\, the drive motor to the clamps :

. features a variety of clamping con-
parameters. that hold the sample), the displace- ¢ rations to agcommodpategrigid
ment sensor (which measures they, ¢ fiers; thin films, and viscous
sample deformation that occurs un- liquids (e.g., thermosets) in bend-
der the appllled force%,f the tergperad ing, compression, shear, and tension
ture control system (furnace), and \,d4aq of deformation
the sample clamps. The DMA 2980 '
dynamic mechanical analyzer (TA
Instruments, Inc., New Castle, DE) Applications
Mr. Foreman is Applications Engineer, (Figure 2 is based on a patent- ; : o
TA-Instruments, Inc., 109 Lukens Dr., pending design that Optimizes the Material selection for SpelelC

New Castle, DE 19720, U.S.A.; end-use applications

tel.: 302-427-4000; fax: 302-427-4001; combination of these critical com- .

e-mail:-fforeman@tainst.com. ponents. Specifically, the analyzer  The task of evaluating new mate-
incorporates a noncontact direct rials and projecting their perfor-
drive motor to deliver reproducible mance for specific applications is a

TA236



Reprinted fromAmerican LaboratoryJanuary 1997

of this type at the DTUL is only 10—

30% of the room temperature value.
The DTULSs of highly filled systems =
based on this resin are more closely:
related to the melting point than to
the significant structural changes }

associated with the glass transition ..]

Epoxy

temperature (Tg).
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Figure 3 is a high-performance
amorphous resin. Amorphous mate-
rials exhibit higher Tgs than their
semicrystalline counterparts and
maintain a high percentage of their
challenging one for engineers and room temperature properties up to
designers. Often, materials are sup-that point. However, with the onset
plied with short-term test informa- of the glass transition, the loss in
tion such as deflection temperature properties is sudden and complete,
under load (DTUL), which is used even for highly reinforced grades.
to project long-term, high-tempera- The DTULSs of these systems are
ture performance. However, be- closely associated with the Tg, but
cause of factors such as polymeralmost always fall on the steeply
structure, filler loading and type, sloped part of the modulus curve.
oxidative stability, part geometry, Thus, the DTUL occurs in a region
and molded-in stresses, the actualof great structural instability, and
maximum long-term use tempera- the actual maximum temperature
tures may be as much as &be-  for reliable performance under load
low or above the DTUL. DMA, on is 15-30°C below the DTUL. Fi-
the other hand, continuously moni- nally, the epoxy is a cross-linked
tors material modulus with tempera- system with a well-defined Tg. The
ture and, hence, provides a better in-temperature dependency of the
dication of long-term, elevated modulus in such materials is related
temperature performanceigure 3  to the cross-link density. The rela-
shows the DMA modulus curves for tionship of the DTUL modulus is
three resins with nearly identical similar to that observed for PET.
DTULs but very different moduli at However, in this case, the cross-
the DTUL and, more importantly, linked system provides an extended
very different modulus trends be- region of stability well beyond the
yond the DTUL. Tg and the DTUL. Thus, while both
The polyethylene terephthalate thermoplastic systems are no longer
(PET) in this example represents a solid above 250C, the epoxy has
semicrystalline material, and its structural integrity and virtually the
modulus begins to decrease rapidly Same modulus at 30T as it has at
at 60°C as the material enters its 250°C. It is therefore still service-
glass transition. The amorphous able for short-term excursions
component in the polymer achieves above the DTUL and may prove
an increased degree of freedom, anduseful for extended periods under
at the end of the glass transition, the reduced loads, providing that it pos-
modulus of the material has de- sesses good thermal and oxidative
clined by about 50% from room stability.
temperature values. Because of its
crystalline component, the material
then exhibits a region of relative
stability before the modulus again
drops rapidly as the crystalline  Polymeric materials, because of
structure approaches the melting their viscoelastic nature, exhibit be-
point. The actual modulus of a resin havior during deformation and flow

Figure 3 DMA comparison of materials
with similar DTULSs.

Projection of material behavior
using superpositioning

The polyethersulfone (PES)-in
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Figure 4 Epoxy fiberglass composite—
stepwise isothermal frequency sweeps.
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Figure 5 TTS of epoxy fiberglass results.
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that is both temperature and time
(frequency) dependent. For ex-
ample, if a polymer is subjected to a
constant load, the deformation or
strain (compliance) exhibited by the
material will increase over a period
of time. This occurs because the
material under a load undergoes
molecular rearrangement in an at-
tempt to minimize localized
stresses. Hence, compliance and
modulus measurements performed
over a short time span result in
lower and higher values, respec-
tively, than longer-term measure-
ments. This time-dependent behav-
ior would seem to imply that the
only way to accurately evaluate ma-
terial performance for a specific ap-
plication is to test the material under
the actual temperature and time
conditions the material will see in
the application. This implication, if

true, would present real difficulties
for the material scientist because the

range of temperature and/or fre-
guencies covered by a specific in-

strument might not be adequate or,

at best, might result in extremely
long and tedious experiments.
Fortunately, however, there is a

treatment of the data, designated as
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T oo rrmerey oo e the resultant data to lower tempera- peak associated with final vitrifica-
o0 oo tures. The result of this shifting is a tion. Although not shown in this fig-
master curve where the material ure, a related plot of'Eand E ver-
property of interest at a specific end- sus time is often used to detect gel
use temperature can be predictedpoint as the point where those
over a broad timscale. curves intersect.

Figures 4and5 show TTS re-
sults for an epoxy composite. Fig-

‘Storage Modulus (MPa)
°
8
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Time (i) ure 4 shows the DMA multifre- Film and fiber stress/strain
Figure 6 Latex curing on fiberglass guency curves obtained over four measurements
braid. decades (0.1-100-Hz). The ability

Stress/strain measurements are
widely used to characterize films and
fibers over a broad range of vis-
coelastic behavior. Although conven-
tional physical testing devices can
accommodate thin films and single-
filament fibers, the results are diffi-
cult to obtain, and the accuracy is
doubtful since the mass and inertia of

of the DMA 2980 to obtain data at

100 Hz and above shortens the ex-
™ omrim perimental time required to obtain
o e | the four decades of frequency re-
quired for good TTS extrapolations.
Figure 5 shows the master curve ob-
tained by combining the multifre-
guency experiments. Note that the

Static Force (N)

Dimension Change (mm) frequenrc)y thich is well beyond the tensile strength of the material being
Figure 7 Stress—strain evaluation of four dece{des used in the experi- evaluated. The clamping arrange-

ments and force range of DMA are
more suitable for examining these
materials. Curves like that shown in
Figure 7for a polyethylene film can
be obtained by ramping the force
(stress). In this case, the broad range
of travel for the DMA 2980 (25 mm)
allows the behavior of this 4-mm-
long film to be completely character-
ized through breaking.

polyethytene film. ment. Further evaluation of the data

indicates that the behavior of this
material around the glass transition
the method of reduced variables or follows the William-Landel-Ferry
time—temperature superposition (WLF) equation.
(TTS), which overcomes the diffi-
culty of extrapolating limited labo-
ratory tests at shorter times to Determination of curing behavior
longer-term, more real-world condi-
tions. This TTS-treatment is well ~ Thermosetting liquids such as
grounded in theory and can be ap-prepregs, adhesives, and paints/
plied to the data obtained from coatings can be evaluated in DMA
DMA multifrequency experiments. ~ (dual-cantilever mode) using a sup-
The underlying bases for TTS are porting structure such as fiberglass DMA is a versatile technique
that the processes involved in mo- braid. In these experiments, infor- that complements the information
lecular relaxation or rearrangements mation about the curing properties provided by the more traditional
in viscoelastic materials occur at ac- (e.g., onset of cure, gel point, vitrifi- thermal analysis techniques (DSC,
celerated rates at higher temperaturescation) can be obtained as the mate-TGA [thermogravimetric analysis],
and that there is a direct equivalency rial progresses from a liquid to a and TMA [thermomechanical
between time (the frequency of mea- rigid solid. Figure 6illustrates the  analysis]). Hence, it is rapidly be-
surement) and temperature. Hence,results for a latex paint. The large coming a necessary component of a
the time over which these processeschange in modulus at about 12 min |aboratory interested in characteriz-
occur can be reduced by conducting reflects the onset of drying and cur- ing the properties of polymers.
the measurement at elevated tem-ing. The use of log (time) as the
peratures and transposing (shifting) axis accentuates the weak tan

Summary
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