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The processing of Kevlar to certain strengths by hot-drawing can benefit by quantitative understanding
of the correlation between structural and mechanical properties during the pre-drawing process. Here,
we use a novel continuous dynamic analysis (CDA) to monitor the evolution in storage modulus and
loss factor of Kevlar 49 fibers as a function of strain via a quasi-static tensile test. Unlike traditional
dynamic mechanical analysis, CDA allows the tracking of strain-dependent mechanical properties until

Keywords: failure. The obtained dynamic viscoelastic properties of Kevlar 49 are correlated with structural data
Kevlar . . . . . .

Aramid obtained from synchrotron radiation analysis and with Raman scattering frequencies. Rate-dependent
Polymer stress—strain results from Kevlar are compared to Nomex, spider silk, polyester and rubber, and provide

insight into how the mechanical properties of Kevlar originate from its characteristic structural features.
We find that as the storage modulus of Kevlar is essentially equal to the Young’s modulus, the measured
quantitative relationships between storage modulus and strain can provide insights into the tuning of
the mechanical properties of aramid materials for specific applications.

© 2014 Elsevier Ltd. All rights reserved.

Dynamic mechanical analysis
Structure property relationship

1. Introduction for load-bearing applications in cables, cloth, and aerospace com-

ponents [1]. While many studies of the quasi-static behavior of

Poly(p-phenylene terephthalamide), commonly called Kevlar,
is a highly crystalline poly-aramid fiber with exceptionally high
strength and remarkable thermal stability, widely used in stress-
bearing applications such as bulletproof body armor, shielding for
sports equipment, and fiber-reinforced polymer composites in the
aerospace industry [1]. Kevlar is sold in several different grades,
each of whichis optimized by hot-drawing to develop specific prop-
erties [1]. For example, Kevlar 129 has the highest strength, while
Kevlar 119 is more ductile than the other grades [1]. In this study,
we focus on Kevlar 49, a higher-modulus grade of Kevlar designed

Abbreviations: CDA, continuous dynamic analysis; DMA, dynamic mechan-
ical analysis; PEB, poly(ethylene-butylene); PET, polyethylene terephthalate;
PS, polystyrene; SAXS, small-angle X-ray scattering; SEBS, styrene-b-ethylene-
butylene-b-styrene; WAXD, wide-angle X-ray diffraction.
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the various types of Kevlar fiber are available [2], there have been
far fewer investigations on their dynamic mechanical properties
[3]. Those that do exist characterize the storage and loss modu-
lus as a function of temperature without considering the effects
of continuously increasing strains, mainly due to the limitations
of current dynamic mechanical analysis (DMA) [3]. DMA tests can
only be carried out at low harmonic displacements to ensure lin-
ear viscoelasticity, severely limiting the ability to characterize the
viscoelastic response of materials past their yield point [3].

On the other hand, the technique of continuous dynamic analy-
sis (CDA) combines the advantages of dynamic mechanical analysis
with those of the quasi-static tensile test to quantify the evolu-
tion of viscoelastic properties as a continuous function of strain [4].
This is achieved through application of a small harmonic (20 Hz)
strain during the tensile deformation. Because the harmonic strain
is much smaller in magnitude than the applied quasi-static strain,
it remains within the limits of linear viscoelasticity and does not
affect the behavior of a quasi-static tensile test. Here, using a spe-
cialized electromechanical load cell capable of applying small but
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continually increasing periodic forces, we employ CDA to monitor
the dynamic properties of Kevlar 49 fibers as a function of their
strain to failure. We then quantitatively correlate our results to
the structural tensile data of Kevlar from previous studies utilizing
wide-angle X-ray diffraction (WAXD) [5] and Raman spectroscopy
[6], to provide insight into the molecular mechanisms by which
Kevlar tolerates stress. The dynamic mechanical behavior of Kevlar
is further compared to those of other key structural polymers to
quantitatively discern its dynamic responses against known bench-
marks. As such, this study presents quantitative information on
how the drawing of Kevlar changes its mechanical properties,
thereby providing guidelines for the systematic optimization of this
important engineering fiber.

1.1. Continuous dynamic analysis of Kevlar and Nomex

Kevlar is a para-aramid polymer which has superior mechanical
properties to Nomex, a flame-resistant meta-aramid polymer. The
extensive hydrogen bonds arising from Kevlar’s para-substituted
backbone link adjacent chains to form sheets. These stacked sheets
roll into “microfibrils,” which bundle together to form the bulk
Kevlar fiber. This hierarchical structure enables Kevlar to have more
aligned crystalline structure than most structural polymers [1].
Nomex, on the other hand, is a constitutional isomer of Kevlar. Its
amine functional group is situated with the meta orientation on
the phenyl ring in a monomer unit, as opposed to the para con-
figuration in Kevlar. This small difference in molecular structure
changes the optimal bond angles of phenyl-nitrogen and phenyl-
carbon bonds in Nomex, resulting in a “crumpled” chain structure
that cannot crystallize into stacked sheets [7]. This causes it to take
on a “jungle gym” structure [7], with randomly stacked polymer
chains, and a resulting lower overall crystallinity than Kevlar [7].

Here we consider how the loss factor varies between these poly-
mers with differing monomer structure. The loss factor is the ratio
of the loss modulus to the storage modulus, and can be thought
of as a ratio relating the viscously dissipated energy in a material
to the elastically stored energy. At the relatively low frequencies
of perturbation applied here, the dissipative contribution to the
mechanical response of the polymer arises as polymer chains align
along the axis of applied tension. For polymers in general, the loss
factor as a function of the strain can be expected to increase up until
the critical strain at which the chains become effectively aligned,
whereupon a reduction in loss factor occurs. The absolute value of
the peak in the strain curve, and the value of the strain at which it
occurs, will vary depending upon both the molecular structure and
the degree of order of the polymer. In amorphous polymers, entan-
gled chains can slip past each other under modest tensile stress,
dissipating energy through viscous friction. Highly crystalline poly-
mers, on the other hand, generally begin with their crystalline units
well aligned with the tensile axis [8].

The measured loss factor and stress—strain curve to failure
of Kevlar 49, shown in Fig. 1A, exhibits mostly linear behavior
with small nonlinearities to failure with a Young’s modulus of
168 &+ 4 GPa. Initially, the loss factor begins to increase due to chain
unraveling, reaching a maximum at a strain of 0.5%, marked as
deformation regime I on the curve. As the microfibrils in Kevlar
become more aligned in response to increased strain, the loss factor
begins to decrease, beginning in regime II. Throughout this regime,
the fiber orientation is stabilized (i.e., the fiber is increasingly ori-
ented at a microstructural level), and each of the microfibrils in a
Kevlar fiber [1] act similarly to a simple harmonic spring, storing
applied stress as elastic energy. A slight flattening-out of the loss
factor curve after about ~1.5% strain occurs due to saturation of
microfibril alignment.

The corresponding measured loss factor and stress—strain
curves for Nomex are shown in Fig. 1B. The Young’s modulus in
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Fig. 1. Tensile engineering stress-strain curves and strain-dependent loss factor
plots of Kevlar 49 and Nomex fibers. (A) Plot of stress (black, left y-axis) and loss
factor (red, right y-axis) versus strain in Kevlar 49, shown up to a failure strain of
0.02. Microstructural changes are illustrated by cartoon images above the regimes.
(B) Plot of stress (black, left y-axis) and loss factor (red, right y-axis) versus strain in
Nomex shown at strains up to failure. (For interpretation of the references to color
in this text, the reader is referred to the web version of the article.)

the elastic region, Regime I, was measured to be 11.5+1.4GPa,
an order of magnitude lower than that of Kevlar. In this regime,
as above, chains begin to unravel, increasing structural disorder.
Regime II begins after the loss factor reaches a maximum, and
the “jungle gym” [7] structure in Nomex begins to align with the
tensile axis. As above, a very slight leveling-off of the loss factor
decrease is observed with increasing strain in this regime, due to
molecular-level chain alignment reaching a maximum. The “jun-
gle gym” structure limits the achievable crystallinity; as such the
stress—strain curve of Nomex is very different from that of Kevlar,
exhibiting nearly 150% higher ductility and a large plastic region
before failure.

Repeat tests with more than five fibers of each of Kevlar and
Nomex showed less than 10% variation in all parameters (see Figs.
1 and 2 in Supplementary Information).

1.2. CDA of polyester, dragline silk, and rubber and comparison to
Kevlar

Fig. 2A shows stress-strain curves of Kevlar, Nomex, polyethy-
lene terephthalate (PET), Argiope spider silk, and Kraton SEBS
at strains up to failure. Spider silk, a semi-crystalline natural
material composed of protein fibroins, is known to have specific
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tensile strength higher than that of many steels [9]. Polyethylene
terephthalate (PET) is a typical semi-crystalline polymer consisting
of spherulites, or crystalline lamellae linked by amorphous tie-
chains [10]. Finally, poly(styrene-b-ethylene-butylene-b-styrene)
(SEBS), a tri-block copolymer commonly used in shoe soles, asphalt,
and adhesives [11], adapts a lamellar structure of alternating
polystyrene (PS) and poly(ethylene-butylene) (PEB) domains [12].

Due to the strong hydrogen-bonded polymer chain network
found in Nomex and Kevlar, these polymers are more crystalline
than spider silk and PET and hence have higher yield stresses,
as seen in Fig. 2A. The Young’'s moduli for spider silk, PET,
and SEBS were measured as 26.5+3.4GPa, 10.5+0.4GPa, and
16.3 £ 12.9 MPa, respectively, i.e., between 0.5 and 4 orders of mag-
nitude lower than Kevlar 49 (168 + 4 GPa). As the storage modulus
quantifies the effectiveness of elastic energy storage, high storage
moduli are generally found in crystalline polymers such as Kevlar
as highly oriented polymer chains act like harmonic springs rather
than dashpots, which dissipate stress through viscous friction [9].
Conversely, amorphous polymers have low storage moduli, since
much of the energy supplied to them during tensile deformation is
dissipated during chain slippage and entanglement.

Fig. 2B shows the storage modulus as a function of strain in all of
the polymers examined in this work. As expected, due to increasing
polymer chain alignment during a tensile test, the storage modulus
in all cases increases with strain, reaching levels of 200-350% above
its original value just before failure. Kevlar, due to its extremely
high degree of crystallinity, has a maximum storage modulus of
268.5 GPa, more than two orders of magnitude greater than that of
SEBS, 0.32 GPa. A semi-crystalline polymer like Nomex or PET, on
the other hand, reaches a maximum storage modulus of ~40 GPa. It
canbe concluded that the oriented, crystalline chains in Kevlar store

energy much more effectively than the completely amorphous Kra-
ton SEBS or crumpled chains in Nomex. All of the polymers except
Kevlar exhibit a minimum in the storage modulus near the onset of
deformation most likely due to chain unraveling or mesoscale pro-
cesses that decrease chain alignment, including lamellar kinking in
SEBS [13], unfolding of small lamellae in PET, or unraveling of 3-
sheets in spider silk [ 10]. This minimum is not present in Kevlar due
to its much higher relative degree of crystallinity which prevents
the domination of unfolding processes.

The storage modulus curve in Kevlar is approximately linear,
increasing with a slope of 4530 GPa per unit strain. Because the loss
modulus of Kevlar is four orders of magnitude lower than the stor-
age modulus, the storage modulus can, to a high degree of precision,
be taken as the Young's modulus in this material. Therefore, we
have essentially quantitatively characterized the change in Young’s
modulus with strain in Kevlar. This information is important to
designers of structural aramids for practical applications as it has
not always been clear how to tune the Young’s modulus of Kevlar.
We believe that the use of the continuous dynamic analysis (CDA)
applied here provides insight into the mechanical behavior of these
polymeric fibers which can find application in the future design of
materials that use Kevlar as a filler or as a majority component.

Fig. 2C shows the loss factor curves for all polymers examined
in this study, which all share a common shape, increasing to a
maximum near the yield point and then decreasing continuously
until sample failure. Based on this general shape, both the loss
factor maximum and the strain at which the maximum is reached
provide quantitative data about the structure of the polymer
in question. For example, Kevlar has the lowest maximum loss
factor, peaking at 0.038, and reaches this peak at a strain of 0.5%
as its stacked sheet structure begins to be fully aligned, thereby
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Fig.2. Comparison of the quasistatic and strain-dependent dynamic mechanical properties of Kevlar and Nomex as compared to other polymers. (A) Engineering stress—strain
curves shown at strains up to failure for Kevlar (black), Nomex (orange), dragline spider silk (red), polyester (blue), and SEBS rubber (green). (B) Storage modulus as a function
of strain at strains up to failure for Kevlar (black), Nomex (orange), dragline spider silk (red), polyester (blue), and SEBS rubber (green). (C) Loss factor versus strain to failure
for Kevlar (black), Nomex (orange), polyester (blue), and SEBS rubber (green). See supplementary online information for data on loss factor as a function of strain to failure
for dragline spider silk. (For interpretation of the references to color in this text, the reader is referred to the web version of the article.)
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Fig. 3. Variation in the strain-dependent dynamic mechanical properties of Kevlar
with structural changes. Plot correlating experimentally measured storage modulus
and loss tangent for Kevlar 49 fibers with previous studies of other Kevlar fibers with
differing structural fibril orientation. Curves 1 (blue) and 2 (red) correlate the storage
modulus and loss factor, respectively, of Kevlar 49 fibers with fibril orientation.
Curve 3 (green) correlates the storage modulus of Kevlar 49 fibers to the shift in
Raman absorption frequency of the phenylene-pi bonds in Kevlar. Increasing fiber
strain corresponds to a lower absorption wavenumber. (For interpretation of the
references to color in this text, the reader is referred to the web version of the
article.)

dissipating a minimal amount of energy due to chain unraveling
and entanglement. In contrast, the maximum loss factor in SEBS
is 0.3, reaching at a strain of 15% as the amorphous structure of
SEBS spends a much longer time aligning with the tensile axis,
dissipating energy viscously along the way. A semi-crystalline
polymer such as PET lies between these two extremes, with a
maximum loss factor of 0.1 at a strain of approximately 2%. This
maximum is due to the slippage of amorphous tie chains in the
polymer while the crystalline domains orient themselves with the
tensile axis with less viscous dissipation of energy than that of a
completely amorphous polymer. For similar reasons, comparable
values are seen for Nomex and dragline spider silk.

1.3. Quantitative correlations of dynamic properties with
structural changes in Kevlar

Fig. 3 quantitatively correlates CDA data on the storage modulus
and the loss factor of Kevlar with results on other polymers, as docu-
mented in the in situ SAXS/WAXD structural data in Ref. [5]. Curve
1 (blue) correlates the Herman'’s orientation factor (a commonly
used measure of polymer chain orientation) of the (200) crystal
reflection in Kevlar. The values of storage modulus observed in this
study yield an increase of 786 GPa per unit change in orientation.
As expected, the storage modulus increases approximately linearly
with orientation, because more oriented chains have more cova-
lent bonds aligned with the tensile axis. Analogously, the Curve 2
(red) correlates the decrease in loss factor with a greater degree of
molecular orientation, yielding a drop of 0.4 loss factor units per
unit increase in orientation, as defined by the Herman orientation
factor [5]. This is due to the fact that more oriented fibers possess
fewer modes for viscous dissipation (slippage, chain entanglement,
and others) than their more amorphous counterparts.

Curve 3 (green) in Fig. 3 correlates an increased storage modu-
lus with a lower Raman absorption frequency of the C=C bond in
Kevlar, corresponding to a greater magnitude of bond stretching [5].
Data for Kevlar was compared with Raman measurements on other
polymers, as documented in Ref [6]. The storage modulus for Kevlar

increases by 11 GPa/cm~! shift in the Raman band, since the cova-
lent bonds, which act similar to harmonic springs, are stretched
more with increasing fiber alignment. The error bars for all three
curves reflect uncertainties due to noise in the CDA data, and are
larger for the loss factor data due to the sharp maximum reached in
Kevlar at a strain of 0.5%. These structural correlations show quan-
titatively how the stiffness of Kevlar increases and the elasticity
of its mechanical response increases as the fibrillar microstructure
becomes more oriented along the tensile axis.

It should be noted that though these assessments were per-
formed on the same fiber material, they represent comparisons of
our Kevlar data with literature structural data taken on other sam-
ples. Respective strain rates were not always the same although
they only differed by less than an order of magnitude, specifically
a ~50-70% difference, for both Raman [5] and WAXD [6] measure-
ments, which we believe does not alter the conclusions; likewise,
we believe that any differences in sample size also do not signifi-
cantly affect our conclusions.

In summary, using continuous dynamic analysis (CDA), which
overcomes the limitations of traditional DMA by using small har-
monic forces applied throughout a tensile test, we have provided
a quantitative characterization of the dynamic mechanical prop-
erties of Kevlar 49 fibers as a function of continuously increasing
strain until failure. This information provides key insight on the
fiber strains over which certain molecular and microstructural
mechanisms of deformation are active in this structural aramid.
Using data from previous studies [5,6] on structural changes from
synchrotron and Raman studies, structural correlations and com-
parisons are also made with other polymers of different structure
to provide further insight on the relationship between microstruc-
ture and deformation in these fibers. Since the storage modulus
is essentially equal to the Young’s modulus for Kevlar due to its
highly crystalline structure, the roughly quantitative relationship
between the storage modulus and strain presented here can pro-
vide key insights into the engineering of “tuned” aramid materials
with properties tailored for specific applications.
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