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Abstract. The property of brittleness for polymers and
polymer-based materials (PBMs) is an important factor in
determining the potential uses of a material. Brittleness of
polymers may also impact the ease and modes of polymer
processing, thereby affecting economy of production.
Brittleness of PBMs can be correlated with certain other
properties and features of polymers; to name a few,
connections to free volume, impact strength, and scratch
recovery have been explored. A common thread among
all such properties is their relationship to chemical
composition and morphology. Through a survey of
existing literature on polymer brittleness specifically
combined with relevant reports that connect additional
materials and properties to that of brittleness, it is possible
to identify chemical features of PBMs that are connected
with observable brittle behavior. Relations so identified
between chemical composition and structure of PBMs and
brittleness are described herein, advancing knowledge and
improving the capacity to design new and to choose
among existing polymers in order to obtain materials with

particular property profiles.
Keywords: brittleness, scratch recovery, tensile
toughness, impact strength, free volume.

1. Brittleness of Polymers

Brittleness, according to the general impression of
the meaning of that term, has been observed in all types of
polymer containing materials including bulk polymers,
polymer composites, and polymer thin films and coatings.
It isimportant to consider brittleness-even early on during
the design process of new polymeric materials — as it can
limit mechanical performance and be affected by

environmental conditions such as time, temperature, and
humidity. Knowing the brittleness of a material can also
help guide one in selection of materials.

The property of brittleness, denoted B, has been
defined quantitatively in terms of other easily obtained
mechanical properties[1]; theexpressonis:

B=— - Q
e, xE

where g, is the elongation at break determined from quasi-
static tensle testing and E’' is the storage modulus
determined from dynamic mechanica analysis (DMA) at
1.0Hz. Therefore, brittleness reflects a parameter that
takes into account a large deformation of a material as
well as a parameter that accounts for repetitive loading or
fatigue.

We shall discuss connections of brittleness to free
volume and molecular structures in Section 2, to
tribological properties in Section 3, to mechanica
properties of pure polymers in Section 4, then aging in
Section 5, polymer blends in Section 6 and composites in
Section 7.

2. Brittleness, Free VVolume
and Molecular Structures

From the inception of this quantitative description
of brittleness, it was recognized that the structure of
materials must also be connected with observed trends in
brittleness. This has been demonstrated to some degree by
experimentation that indicates a relation between free
volume, viscoelasticity, and brittleness [1]. Free volume V!
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is defined in terms of the total specific volume v and the
incompressible (hard cor\(? volume v* asfollows[2]:
=v—V* 2
To calculate V' from Eq. (2), we need to obtain v*.
One can imagine the hard core volume as the volume at
OK after ‘squeezing out’ all empty spaces between
molecules. To calculate v* one obtains experimental
values of specific volume v as a function of temperature T,
in some cases aso as a function of pressure P. One then
uses an equation of state; we have been consistently using
with good results the Hartman equation [ 3]:
PV =792 |ny €)
V=Vt T =T/T; PT=PP* (4)
The idea of using reduced quantities can be seen in
the Doctor of Science thesis of Johannes D. van der Waals
aready in 1873 [4]. Given a set of, say, N data in the
V(T, P) or v(T) form, one solves an over-determined set of
N equations of the form of our Eq. (3) for either three
unknowns, v*, T* and P*, or else in two unknowns, v*
and T*.

In the following Section we shall consider dliding
wear determination, which in fact led us to the definition
Eqg. (1) as well as connections of diding wear results to
free volume.

3. Tribological Properties
and Brittleness

We shall now discuss tribological properties of
polymers, beginning with dliding wear determination,
before connecting those properties to brittleness.

Among tribologica tests, which deal with contacts
between moving interfaces, scratch testing provides
valuable information about scratch resistance, wear, and
viscoeladticity of polymeric materials. On a micro scratch
tester equipped with adiamond (or other) indenter, one
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can measure instantaneously the penetration depth R, of
the indenter as it scratches a specimen surface. In
viscoelastic polymer-based materials (PBMs), some
healing or recovery in the scratch groove typically takes
place; this also can be measured and is recorded as the
residual depth R,,. The percentage of viscoelastic recovery,
f, is calculated from the equation defined in [5], namely:
_Ro- Ry
Rp

To determine wear of a material, multiple scratches
along the same groove can be imposed, al the while
measuring both R, and R, for each pass of the indenter.
Such multiple scratch tests are aso referred to as dliding
wear tests. Eq. (3) applies to multiple as wdl as to single
scratch tests; thus the recovery f for, say, the 15" pass can
be calculated and, used to compare different materials. An
interesting phenomenon, referred to as strain hardening,
has been observed for some polymers during dliding wear
testing [6]. What occurs is that after about 10 scratches
(the number is dependent on the force applied) the
residual depth no longer increases but stays the same with
each subsequent scratch along the groove. This strain
hardening has been observed in a polyester (Fig. 1),
polypropylene, Teflon™, polycarbonate (Fig. 2) and
polyethersulfone among others|[1, 6, 7].

Actually, to date, polystyrene (PS) has been the
only polymer or polymer composite tested that does not
plainly exhibit strain hardening in diding wear (Fig. 3).
This is even more interesting when one considers the
relation between free volume and viscoelastic recovery in
dliding wear.

It has been shown for a st of six common
engineering plastics — representing different classes of
polymers — that the percentage recovery f increases
linearly with the free volume for all the polymers except

polystyrene[1]; see Fig. 4.

f %00 % (5)

Fig. 1. Residual depth in sliding wear testing of a LB-18 polyester; from [6]
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Fig. 2. Penentration depth (the curve with empty circles)
and residua depth (the curve with filled circles)
for polycarbonate; from [1]

Fig. 4. Percentage recovery as defined by Eq. (3) vs.
free volume; from [1].
Excluding polystyrene, R = 0.9779
while R? = 1 pertains to a perfect fit

PS isalso notorious for its brittleness. Therefore, it
is not surprising that there is a definite relation between B
and f that has been shown to hold for as many as 20
different polymer-based materials [1, 7, 8]. That
connection is in the form of exponential decay such that
recovery decreases with increasing brittleness (Fig. 5).
Notably, the comparison by Eq. (1) of brittleness for a
wide range of polymer types having different chemical
structures and components is not dependent upon their
exhibiting the same type of fracture. The values of ¢, and
E' do not have to be obtained within a specific
temperature for either ductile or brittle fracture; rather the
parameters can be measured for all the materials under the
same conditions.

The curve shown in Fig. 5 corresponds to Eq. (6):

f =30.6+67.1e B/05% (6)
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Fig. 3. Penentration depth (the curve with empty circles)
and residua depth (the curve with filled circles)
for polystyrene; from [1]
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Fig. 5. Viscodastic recovery f
as afunction of brittleness; from [6].
HyAl = Hytrel (a synthetic elastomer) + aluminum;
PCL-Si| = polycaprolactone + silica

Fig. 5 and Eqg. (6) confirm the basic tenet of
Materials Science and Engineering [9]: all macroscopic
properties are determined by structures and interactions
at the atomic and molecular level. Apparently it is on this
basis that f, atribological property, can be calculated from
B, a mechanical property.

Chemical and spatial structures of materials affect
their brittleness. Let us return now to Fig. 4 and the
abnormal behavior of polystyrene seen there. The
structure of PSincludes a phenyl ring; the double bondsin
that ring cause its rigidity. Moreover, polystyrene
molecules can form stacks — aso because of those rings.
Stacking results in low values of free volume. Thus, we
record two factors causing brittleness: rigidity and low V.
We shall briefly return to tribology discussing multiphase
polymer-based systemsin Section 7.
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4. Mechanical Properties
and Brittleness

We now move on to mechanical properties of nest
polymers. Possibly the most important is fracture. Wonderful
thermophysical, tribological, eectrical or other properties
will not help if a given material undergoes fracture esdly.
When one spesks of fracture, it is natural to think of impact
dgrength. A materid’s resistance to impact is usudly
measured in terms of the breaking energy per unit area (or
thickness). The expectation that materials with the least
brittleness will have the highest impact strength is borne out
in defined relations between both Charpy and Izod impact
srength and B [8]. For a number of polymers with a variety
of chemical structures, the Charpy impact strength U is:

U =q+—> )
tanh(b.B)
wherea,=0.640 and b, = 1.63. Thisisrepresented in Fig. 6.
An equation of the same form defines the relation
between the 1zod impact strength U, and brittleness of
polymers, also with good results:

P ®
tanh(b, B)
where g, = 0.660 and b, = 2.29.

Toughness is another important and related
property, although clouded by the fact that there multiple
methods used for its determination. However, for the
present purpose, the definition with parameters obtained
from tensile testing serves well. Accordingly, toughness «
is expressed as the area under the curve of engineering
stresso vs. engineering strain ¢ [9, 10], namely:

t = (Sbsde 9)

Toughness is thought of as the energy required
to crack amaterial. Since many chemical modificationsto

U, =aq,
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Fig. 6. Charpy impact strength as a function

of brittleness for polymers. The continuous lineis cal culated
from Eq. (7)
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polymers are applied in order to increase toughness, a
connection between r and B is significant [11]; it is shown
graphically in Fig. 7. The respective equationiis:
{ = b +c¢B
1+aB
where a = —111; b, = -1.41:10* and ¢, = —1640.
We have seen in Fig. 5 that polystyrene has a value
of B above 8 in the units chosen. Actudly, PS fits in the
same diagram, but we show here the central part of the
diagramto avoid ‘ crowding’ of points. Aluminum also fits
in the same diagram, but it has a value of B even lower
than steel and polycaprolactone. Thus, while our aim was
to obtan a ‘universa’ relationship for polymers,
apparently the use of that relationship is even wider.
There isan opinion still appearing in some quarters
that “brittleness is the inverse of toughness’; possibly that
opinion was formulated before Eq. (1) was. Eq. (10) and
its experimental verification in Fig. 7 tell us that there is
indeed a connection, but not that simple.

(10)

5. Aging

We know that properties of glassy materials change
with time as a result of aging; see for instance Chapter 5
in [9]. Since there are no fully crystalline polymers, all
molten polymers on cooling go through the glass transi-
tion region, sometimes as wide as 20K [12]. Below that
region there is a slow process of densification, precisdy
aging, changing mechanical, tribological and other proper-
ties of the polymers and of polymer-based materials.

We consider here one example only. For Hypalon,
a synthetic elastomer made from chlorinated and
fluorinated polyethylene, aging causes a decrease of e,
faster than the simultaneous increase of E' [13]. Thus,
brittleness of Hypalon increases with aging time.

Fig. 7. Tensiletoughness as afunction of brittleness
for alargevariety of polymers plus sted.
Continuous line cal culated from Eq. (10)
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6. Polymer Blends

We need to discuss at least briefly also polymer
blends — called sometimes polymer alloys. Dorigato and
his colleagues [14] created blends of linear low-density
polyethylene (LLDPE) with a cycloolefin copolymer
(COC). COC is rigid, hence it has a low elongation at
break g,. Addition of COC to LLDPE causes an increase
of the tensile modulus — a desired effect. However, the
decrease of e, upon gradual addition of COC is faster than
the increase of E. Consequently, brittleness increases
along with addition of COC.

7. Polymer-Based Materials

Polymer-based materials are often multiphase
composites. Thus, Chen and coworkers [15] have created
64 layer composites of propylene-ethylene copolymer
(PPE) with ethylene 1-octene copolymer (POE). The
composites were prepared by a microlayered coextrusion
system. Increasing the concentration of dastomeric POE
had a very small effect on the elongation at break e, while
the dynamic storage modulus decreased. Thus, B went up —
while original expectation was that more elastomer should
bring B down. The Sichuan group, however, found an
explanation: the B increase is a conseguence of poorer
adhesion between layers at higher POE contents. Thus,
adhesion between phases has to be added to our list of
factors affecting brittleness if there is more than one phase.
We find that in multiphase materials B has one morerole: it
reflects structural integrity of multiphase composites.

Pedrazzoli and his colleagues [16] reinforced
polypropylene (PP) with two kinds of silica nanoparticles,
untreated and treated. Addition of these particles enhances
the tensile modulus E, but the enhancement is complicated
at higher filler concentrations by aggregation of the silica
particles, particularly so for untreated ones. Gradual
insertion of treated silica nanoparticles eventually leads to
a plateau of E. The glass transition temperature, Ty, used
to characterize the glass trangtion region, increases with
addition of both kinds of nanoparticles, particularly so for
treated ones. Tensile elongation at break e, goes down, so
that brittleness increases [16]. This is not unexpected —
given the increase of Tywith addition of the nanoparticles.
Pedrazzoli and his colleagues relate the increase in B to a
change in polymer/filler interfacial interactions.

PP plus ethylene-propylene-diene (EPDM) rubber
form a thermoplastic vulcanizate (TPV). 5wt% of a
thermal shock resistant ceramic  (which  ‘survives
temperatures up to 1673 K) were added to the TVP [17].
TVP plus ceramic had higher B than TVP alone. However,
when the filler was modified by three different kinds of
organic molecules, al modifications had lower B than TPV.
The lowest value of B was achieved for a coupling agent
caled Lical2; that agent not only improved the adhesion
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between the TVP matrix and the filler but apparently also
acted upon TVP similarly to a plagticizer.

Carbon nanotubes (CNTSs) are used increasingly as
a filler. Anna Szymczyk and her colleagues [18]
functionalized multiwall CNTs (MWCNTS) and put them
in poly(trimethylene terephthalate) (PTT). Glass transition
and melting temperatures were not significantly affected
by CNTSs addition. However, al composites have lower B
values than PTT. The diagram of B as a function of the
filler composition exhibits a minimum at 0.3wt %
MWCNTS.

CNTs were also applied to a block copolymer of
semicrystalline poly(butyl terephthalate) (PBT) with
amorphous oxytetramethylene (PTMO), namely both
single wall CNTs (SWCNTs) and MWCNTSs [19]. For
both SW and MW nanotubes, tensile modulus and strain
at break g, as a function of CNTs concentration (Ccnr)
show maxima. This is explained by competition between
two effects: reinforcement provided by the nanotubes and
weakening of internal cohesion of the matrix. Elongation
at break is enhanced by the nanotubes; this plasticizing
effect is much stronger for SWCNTSs. By contrast and as
expected, MWCNTS provide more reinforcement. Sliding
wear determination was also performed and the results fit
the curve shown by usin Fig. 5.

Diagrams of B vs. Coyt show minima [19], a
reflection of the maxima of g, and similar to the results of
Szymczyk and her colleagues [18]. Volumetric wear was
determined after abrasion on a pin-on-disk tribometer
[19]. Minima are seen on the volumetric wear vs. Cont
diagrams, similar to those on the B vs. conr diagrams.
Remembering our discussion of Fig. 5, we see here a
second connection between B and a tribological property.

Along somewhat similar lines, Carrion and
coauthors tested the effects of adding ionic-liquid-
modified SWCNTSs in PS, polymethylmethacrylate, and
polycarbonate [20]. With respect to PS, as we know the
most brittle of the three, they found that a reduction in
wear rate up to 74 % could be achieved. This is largely
attributed to “ dispersion of the nanotubes in the polymer
matrix, which increases their resistance to crack
propagation and fracture, and to the surface modification
of the nanctubes by the ionic liquid, which improves the
[ubricating ability of the additive’ [20].

In agreement with the above results, Kopczynska
and Ehrenstein [21] discuss the importance of polymer
surfaces and interfaces for macroscopic properties. Keten
and coworkers [22] report results of molecular dynamics
computer simulations of b-sheet crystalsin silk. Thereisa
paradox here, namely silk has unusually high both g, and
E, while the dominant intermolecular interactions in these
nanocrystals are hydrogen bonds which in spite of their
name are not chemical bonds at all [9]. Nanocrystals with
the sizes of afew nm are stronger than larger ones.

The simulations show the presence of
nanoconfinement such that dissipative molecular stick dip
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deformation mechanism makes an outstanding use of the
hydrogen bonds for mechanical reinforcement.

8. General Discussion

By exploring relations between brittleness,
tribology, free volume, mechanical properties, and
polymer composition, we see how we can draw out much
additional useful data that can inform our design and use
of polymers. There is an increasing interest in ‘green’
polymers, obtainable from natural materials. Along these
lines, Pourjaveheri and coworkers [23] derived keratin
from chicken feathers. They argued that “ Millions of tons
of feathers are produced worldwide annually as a by-
product of poultry-processing plants’. They used chicken
feather fibers (CFFs) to enhance thermo-mechanical
properties of thermoplastic polyurethane (TPU)
biocomposites. The storage modulus E' at 298 K has
increased dramatically; for pure TPU isE' = 0.1 GPq, for
10wt % CFFs is E' = 1.0 GPa while for 20 wt % CFFs
the respective values is 1.6 GPa. While strain at break
decreases with increasing CFF concentration, the increase
of the storage modulus is faster. Thus, Pourjahaveri and
colleagues [23] conclude that addition of CFFs lowers
brittleness. Along our lines in this article, those authors
state that addition of CFFs aso increases free volume
because of keratin functional groups — a fact reflected in
some lowering of the glass transition temperature.

Speaking of connections between different
properties, it might be worth noting that free volumeis also
the basis correspondence principles enabling prediction of
long term behavior of polymers from short term tests[24].

Nature shows us in various ways it is capability to
create materials structures with outstanding properties.
Bouville and his colleagues [25] have created a ceramic
composite from mineral constituents only, with
outstanding mechanical properties up to 873 K, declaring
that natural materials were their inspiration. Important for
us is their statement that properties are determined by a
combination of mechanisms operating at different length
scales. An example of this is provided by a study of
addition of Ni nanopowder to a thermoplastic elastomer
[26]. Introduction of the nanopowder resultsin an increase
of B; the powder lowers the internal cohesion in the
polymer. Crosslinking of the elastomer lowers g, and thus
also increases B. However, when both Ni powder is added
and crosslinking performed, B decreases [26]. Apparently,
metal nanoparticles go ether into existing free volume
pockets in the elastomer or else create new such pockets.
Filling such pockets by Ni particles causes an
enhancement of mechanical properties including E'.
Creation of new free volume pockets increases &, thus
also lowering B. Returning now to our Eq. (1), we infer
that maneuverability of e, can be achieved differently than
that of E’.

Witold Brostow et al.

References

[1] Brogow W., Hagg Lobland H.E. and Narkis M.: J. Maer. Res,
2006, 21, 2422.

[2] Hory P.: Sdected Works, v. 3. Stanford University Press, CA 1985.
[3] Hartmann B. and Haque M..: J. Appl. Phys,, 1985, 58, 2831.

[4] van der Weals J.: Doctor in de Wis- en Nauurkunde Academisch
Proefschrift, Hoogeschool te Leiden, A \W. Sijthoff, Leiden 1873.

[5] Brostow W., Bujard B., Cassdy P. & a.: Mder. Res Innovat., 2002,
6,7.

[6] Brostow W., Damarla G., Howe J. and Fietkiewicz D.: e-Pdymers,
2004, 025, 1.

[7] Brosow W. and Hagg Lobland H.E.: Polym. Eng. Sdi., 2008, 49,
1982,

[8] Brostow W. and Hagg Lobland H.E.: J. Mater. Sa., 2010, 45, 242.
[9] Brogow W., Hagg Lobland H.E: Maerids. Introduction and
Applications, Wiley, New York 2017.

[10] Nidsn L. and Landd R.: Mechanicd Propertiesof Polymersand Com-
pasites, 2 edn Marcd Dekker, NewY ork - Basd - Hong Kong 1994,

[112] Brostow W., Hagg Lobland H.E. and Khga S:: Mater. Lett., 2015,
159, 478,

[12] Kadogeras|. and Hagg Lobland H.E: J. Mater. Ed., 2012, 34, 69.
[13] Wilson J., Smith B., Macdonald J. et al.: Polym. Degrad. & Stabil.,
2004, 84, 439.

[14] Dorigato A., Pegoretti A., Fambri L. et a.: Exp. Polym. Lett., 2011,
523

[15] ChenJ, WangM., Li J. et al.: Eur. Polym. J,, 2009, 45, 3269.

[16] Pedrazzoli D., Pegoretti A. and Kaatzidou K.: Polym.
Composites, 2016, 37, 2018.

[17] Brogtow W., Datashvili T., Geodakyan J. and Lou J.: J Mater. Sdi.,
2011, 46, 2445.

[18] Szymczyk A., Rodaniec Z., Zenker M. et al.: Exp. Polym. Lett.,
2011, 5,977.

[19] Brogtow W., BrozaG., Datashvili T. et al.: J. Mater. Res,, 2012, 27,
1815.

[20] Carrion F., Espejo C., Sanes J. and Bermudez M.: Compos. Sdi. &
Tech., 2010, 70, 2160.

[21] Kopezynska A. and Ehrengtein G.: J. Mater. Ed., 2007, 29, 325.
[22] Keten S, Xu Z., Ihle B. and Buehler M.: Nature Mater., 2010, 9,
359.

[23] Pourjavaheri F., Jones O., Mohaddes F. et al.: 74" Ann. Tech.
Conf. of the Society of Plastics Engineers, Indianapadlis 2016, 432.

[24] Brastow W.: Pure & Appl. Chem., 2009, 81, 417.

[25] BowvilleF., MareE., MéilleS. & al.: Nature Mater., 2014, 13, 508.
[26] Brostow W., Brozynski M., Daeshvili T. and OleaMgjia O.:
Polymer Bull., 2011, 59, 1671.

JOCJII/UKEHHSA B3AEMO3B'SI3KY MIXK
XIMIYHUMHU KOMIIOHEHTAMM HA OCHOBI
MMOJIMEPHHUX MATEPIAJIIB I KPUXKOCTI
TA HIOB'AI3AHUMMU 3 HEIO BJJACTUBOCTSAMU

Anomauin. Kpuxxicme ons nonimepie i mamepianie Ha oc-
nosi nonimepie (MOII) € 8axcnueolo &acmMueicniio npu GUSHAYCHHI
Modcusocmi. gukopucmanus mamepiany. Kpuxxicme nonivepie mo-
Jice MAKodiC GNIUBAMU HA JIe2KiCMb T pedicum 00pobieHHA noTiMepy,
BNIUBAIOYU MUM CAMUM HA eKOHOMIKY eupobnuymesa. Kpim yvoeo,
kpuxxicmo MOII modice 6ymu nos' si3ana 3 OesskuMU HUUMU G1ACTU-
eocmsmu nonimepie. Bcmanosneno 63aemose’ 130K midic Kpuxkicmio i
BLILHUM 00 €EMOM, YOAPHOIO MIYHICHIIO Ma CIIELKICIIO 00 NOOPSINUH.
3acanvhum Ona makux enacmusocmeii € ix 36'A30K 3 XiMiUHUM
cxnadom ma mopgonozieio. 3pobaeno ananiz Gi0omMux OAHUX Jime-
pamypu 8i0HOCHO KPUXKOCHIL NONIMEPIE Ma W00 36 3Ky MIdC Helo
ma ximiunum cxiaoom i cmpykmyporo MOII 3 memoio cmeopenus
Mamepianis i3 3a0aHuUMU 1ACUBOCAMU.

Knwuosi cnosa. xpuxxicms, cmiiikicmb 00 NOOpPANUH,
MIYHICMb HA PO3PUBAHHSL, YOAPHA 8 S3KICTb, BLIbHULL 00" €M.



