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Terminology

Chapter 2 and 3
a : crack length
d,: weight average particle diameter

dn: number average particle diameter
G,.: critical strain energy release rate
K ¢ : critical stressintensity factor

£ ligament length

r, : plastic zone size

U/A : total specific fracture energy
u, : limiting specific fracture energy
u, : dissipative energy density

s,: theyield stress

S e - the maximum tensile stress

Chapter 4t0 6
E;: tensile modulus

E ": dynamic storage modulus
E” : dynamic loss modulus
Gj: shear modulus

Kj: bulk modulus

tan d: loss tangent

Ty: glasstransition temperature
V... - maximum packing fraction

n : Poisson’sratio



Chapter 1 Introduction

Polymer blends can be a convenient technique to generate materials with superior properties
by combination of desirable properties of different polymersin relatively low cost compared
to synthesis of new molecules. Generally, polymersin blends tend to form separate phases
and generate interface between two phases, because they are thermodynamically immiscible
[1]. When the interaction energy for mixing between polymersis unfavorable, interfacial
tension between the phases increases and interpenetration between phases decreases [2].
Largeinterfacia tension prevents fine dispersion of the phases during melt blending and
cause unstable morphology. Little interpenetration resultsin poor adhesion between the
phases and inferior mechanical properties of the blends[3].

It has been found that problems of interface of such incompatible blends can be
solved by the addition of appropriate block or graft copolymers, i.e., compatibilizers [4-14].
Compatibilization technique provides afiner and more stable morphology and a stronger
interface. Compatibilization has been achieved by addition of block copolymer, reactive
compatibilization, IPN technology, crosslinking the blend component [15].

1.1 Compatibilization

Copolymer could be anchored into homopolymer phases, if the copolymer segments are
long enough to be entangled with surrounding chains[16-18]. Creton et a investigated
Critical molecular weight for block copolymer reinforcement of interface in blends of
polystyrene (PS) and poly(2-vinylpyridine) (PVP) [19]. It issuggested that at |least one
average entanglement between the PV P block and the PV P homopolymer is necessary to
generate good stress transfer at the interface. Failure mechanism of polymer interface
reinforced with block copolymer isaso investigated [20]. They investigated the effect of the
PV P block degree of polymerization and the areal density of block copolymer chains at the
interface on the critical release energy rate and on the fracture mechanisms. The
effectiveness of the reinforcement and the failure mechanism at the interface depend strongly
on the respective molecular weights of the blocks and on the areal density of chain at the
interface. Washiyamaet a studied the fracture of interfaces between PS and PVP
homopolymers reinforced with a series of PS-PVP block copolymers[21] [22]. Brown et a
investigated the effects of thin layers of PS-poly(methylmethacrylate) (PMMA) diblock
copolymers between PS and PMMA homopolymers on adhesion of two homopolymers
[23]. Low molecular weight diblocks gave lower toughness than the high molecular weight
diblocks.

Previous reports indicated that significant solubilization can be attained only if the
homopolymer molecular weight issimilar to or less than that of the corresponding segments
of the copolymer [24, 25]. Recent studies suggested that block copolymer generally locate
at theinterfacein theideal case regardless of molecular weight [26].



1.2 Compatibilizers

Styrene-hydrogenated butadiene block copolymers are used as compatibilizers for the blends
of polystyrene with various polyolefins such as low-density polyethylene (LDPE), high-
density polyethylene (HDPE), polypropylene (PP). Di-block copolymer of Poly(cis-1,4-
isoprene-b-1,4-butadiene)was used as a compatibilizer for the blends of polyisoprene (Pl)
and polybutadiene (PB) [27]. Varioustypes of rubber such as ethylene-propylene diene
copolymer (EPDM), natural rubber (NR), and ABS are used as compatibilizers for blends of
LDPE and PS or polyvinylchloride (PVC) or PP [28]. Other examples of compatibilizers
are di-block copolymers of poly(1,2 butadiene-b-1,4 butadiene) for blends of poly-1,2-
butadiene and poly-1,4-butadiene [29], and poly(carbonate-s-dimethyl siloxane)sequenced
multiblocks as compatibilizers for blends of polycarbonate (PC) and polydimethylsiloxane
(PDMS) [30].

Mechanical properties of compatibilized blends such as blends of low-density
polyethylene (LDPE) and polystyrene with various block copolymers [31-33], blends of
high-density polyethylene and polystyrene with block copolymers [34-36] have been studied
extensively. Failure properties were compared to the additive line and compatibilized blends
show superior failure properties.

However, preformed block or graft copolymers have not been used extensively
because of economical reason and difficulty in meeting of requirement of molecular weight
for compatibilization. Block copolymerswith low molecular do not provide stability of
morphology , while those with high molecular weight do not readily diffuse to the interface
and have low critical micelle concentration [16].

1.3 Reactive compatibilization

The block or graft copolymers which are formed in situ during melt mixing are extensively
used for compatibilization. Interfacia reaction occurs between functionalized polymeric
components[12]. Typical examples of blends of commercial interest are the combination of
polymer synthesized by condensation polymerization such as polyamides and polyesters
with polymers which have functional group along chain. The former polymers have
nucleophilic (i.e., electron donor) end groups such as NH,, COOH and OH. The latter
polymers have electrophilic groups, e.g., cyclic anhydride, epoxide, oxazoline, isocyanate,
and carbodiimide, which are incorporated along the chain by copolymerization, end capping,
or grafting [12] [37-41]. The reactions most commonly used for compatibilization are the
anhydride-amine (imidization) and epoxide-carboxylic acid reactions [42-49]. Other
examples are the reaction of oxazoline ring with a nucleophile (e.g., carboxylic acid) and the
reactions of carbodiimide and isocyanate with amines or carboxylic acids[12]. The



utilization of acrylic orthoesters for capping anhydrides, carboxylic acids, thiols, or
hydroxyl groups are also seen in several recent patents. [70,71]

The reactions during processing occur in several way such as chain cleavage and
recombination, graft copolymer formation, block copolymer formation, and covalent cross-
linking. Most desired reaction is graft copolymer formation. It isnot easy to control
reaction using the chain cleavage and recombination, because it forms random copolymer as
well as block copolymer. Factors such asintensity and time of mixing, functionality level
and kinetics of reactive groups, and stability of covalent bonds to processing affect the extent
of reaction of block copolymer formation [12].

The reaction of imide formation between amine end groups with cyclic anhydrides
was investigated. It was reported that the cyclic anhydride reacts predominantly with the
amine end groups, and not with the amide linkages in the polyamide[64, 65].

Copolymer formed by the reactive compatibilization reduces the interfacial tension,
provides steric stabilization and retards coalescence. These effects of copolymer act as
compatibilizer and reduce the size of dispersed-phase particles. The particle size decreases
as the amount of maleic anhydride increases [38]. It was found that the MA content does not
need to exceed 1% for tough blends. Other important factors for reactive compatibilization
are end-group configuration, molecular weight, physical interaction and mixing time as seen
in literature [50].

1.4 Toughened nylons

Typical examples of rubber toughened engineering polymers are polyamides, polyesters,
epoxy resins, poly(phenylene oxide) [51], polycarbonates and polyacetals [52, 53]. Other
examples are toughening of polyimides and polysulfones and polyarylether ketones. Blends
of rubber modified PA-PPO [54, 55], PBT-PC, PA-PC, PET-PBT and PET-PC have
developed for materials with high strength, high heat deformation temperatures, solvent
resistance and toughness.

Nylons have been used for numerous engineering applications because they have
desirable properties such as high strength and modulus, excellent chemical and abrasion
resistance, high melting point, low coefficient of friction, and toughness. However, nylons
tend to break in a brittle manner for notched specimen and at low temperatures. Applications
of nylons were limited because of the poor resistance to crack propagation.

Toughening of nylons such as PA-6 and PA-66 have been investigated extensively
[56-62]. Reactive processing of nylon with 5 to 20 wt% of an acid-functional elastomer is
typical approach to toughening of nylon. The examples of elastomers are maleic anhydride



modified ethylene/propylene elastomers (EPR-g-MA, EPDM-g-MA), styrene/ethylene/
butylene/styrene block copolymers (SEBS-g-MA), and emulsion-made core-shell rubbers.

1.5 Factors for toughening of nylon 6

Toughness of blends depends on rubber concentration, rubber particle size, and type of
rubber. Wu showed that transition from ductile to brittle behavior occurs at a critical particle
size for a constant rubber amount [63, 64]. Supertough blends in which [zod impact
strength is larger than 800 Jm are yielded, for afixed rubber content of about 20%, when

the rubber particle sizeislarger than alower limit of about 0.1 nm, but smaller than an upper

limit of about 1 mm [64].

Wu [58] has shown that toughness of nylon/rubber blends increases when the
Interparticle distance or ligament thickness is reduced to below acritical value. Cavitation of
the rubber particlesrelievesthe triaxia stress state ahead of a growing crack and permits the
matrix to shear yield [65]. Shear yielding in the matrix dissipates considerable energy
during the fracture process [66-68]. The upper limit on particle size apparently definesa
critica interparticle distance (ligament thickness) of the matrix that alows percolation of a
shear-yield condition in the materia [58].

It has been suggested that extremely small particles are unable to cavitate [59, 60],
which would explain the lower limit on particle size. VVolume strain to cavitate whichisa
function of particle diameter increases as the particle Size decreases. Lower limit of particle
sizeis occurred when the sasmple fails by yield or fracture before it reaches the very high
critical strain to cavitate.

The ductile-to-brittle transition temperature decreases as the particle size decreases,
but it increases at extremely small particles[63, 64]. The effect of rubber modulus on
tougheness has been examined [25][20]. Blends of rubbers with lower modulus indicate
lower ductile-to-brittle transition temperatures and higher room temperature toughness at
constant rubber volume or particle size.

1.6 Characterization of fracture behavior

Toughness may be defined as the ability to resist fracture by absorbing energy and is usually
expressed in terms of the work done in forming a unit area of fracture surface. Typicaly, the
toughness values for rigid polymers range from 50 Jm in highly cross-linked epoxy resins
to 80 kJ m? for toughened nylon blends. The notched 1zod impact test and the notched
Charpy test are the most widely used for evaluating the fracture toughness of thermoplastics.
They are easy to carry out and calculate the impact strength. The results are reproducible
because of the presence of arounded notch tip of defined radius.



However, the data is measured only for the same specimens and depends on the
geometry. Reproducibilty for transition region israther poor. More precise method that is
independent from geometry is necessary. It has been shown that standard Charpy or 1zod
toughness does not functionally depend on material variables. It isalso reported that
comparison of standard 1zod toughness does not show intrinsic material property [69].

Fracture mechanics approaches can separate the effects of specimen geometry from
those based on the intrinsic material properties. Fracture mechanics differentiates elastic
from plastic fracture and separates the initiation and propagation in the total toughness[70].

Linear dadtic fracture mechanics (LEFM) is used for characterization of fracture
behavior of brittle polymers[71]. There are two approaches, i.e., the stress intensity
approach and the energy approach [72, 73].

Nonlinear fracture mechanics for ductile polymersis based on the Jintegral concept.
The Jintegral is a path-independent contour integral and is applied to elastic —plastic
materials under either linear or nonlinear elastic deformation which precedes crack growth.
It describes the stresses, strains and displacements of any path around asingle crack [27-
30]. The Fintegral is expressed for atwo-dimensional crack.

However, current method for Jintegral measurement is restricted to quasistatic
loading only. It isdifficult and expensive to use Jintegra method [59, 60]. It is necessary
to establish amore useful and powerful method for characterization of fracture toughness of
ductile polymers. Essential work of fracture (EWF) has been developed based on Broberg's
unified theory of fracture for this purpose.

Thetotal work of fracture, W;, consists of both the dissipative work, W, in the
outer plastic zone, which is geometry dependent, and the essential work, W,, in the inner
autonomous zone called the fracture process zone (FPZ), which is a material property. In
quasistatic crack growth,

W=W AW,

W= w, +bw, |

wherew; is the specific total work of fracture (=W, /Ib), b isthe geometry dependent plastic-
zone shape factor, and w,, is the specific nonessential plastic work of fracture. Plotting w;
againgt | yields a straight line whose y-intercept is w, and whose slope equalsbw,,. Equation

above provides a sound theoretical basis for asimple experimental method to deteminew,



from experiments on the total work of fracture using arange of ligament lengths and
different specimen geometries [69, 80].

Mai et.al. showed that the notch-tip plastic constraint increases as the ligament length
decreases relative to the thickness. Plane-stress conditions occur when I/B is large enough.
The plane-stress/plan-strain transition often occurs at I/B = 3 to 5 for many ductile materials.
Mai also pointed out that the plane-strain condition will be reached with further decreasing of
the ligament length, if the thickness satisfies the condition specified inthe ASTM E813
standard for J C measurement,

0

xRy,
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wherew, isthe plane-strain specific essential work of fracture.

Wu et d. applied the EWF method to impact measurement of ductile polymer blends
using SENB specimens [23,59, 60]. Vu-Khahn shows the following equation [83]:
U=GA+TA*2

Wildes et al. [94] showed that the specific total fracture energy U/A is expressed as
U/A=uy +u,/
where u, is the limiting specific fracture energy and u, is the dissipative energy density.

1.7 Thermoplastic elastomers

Elastomer-plastic blends are commercially and scientifically important technologies[74]. In
the elastomer-plastic blends, plastic particles are used as modifiers and organic fillers to
replace standard reinforcing or nonreinforcing fillers. PE was blended with EPDM in order
to improve mechanical and electrical properties[75]. It was also reported that oil resistance,
ozone and electrical properties were improved by mixing PE in butyl rubber. It was reported
that PE acts as areinforcing agent for IR, if PE ischemically bound to the rubber matrix
[76]. Blends of BR and polyolefin have also studied using mixing process [77]. Physical
properties of blends of polystyrene (PS) with BR and SBR were studied. It isfound that
tensile strength was determined by blend ratio, whereas hardness, elongation, set and
resilience were controlled by continuity of the PS phase. Severa studies were made with
PS-SBR blends [ 78] and PS-NR bleneds [79].

1.8 Thermoplastic elastomeric blends

The elastomer-plastic blends are a so studied as thermoplastic elastomers (TPES). Growth
of production of TPES has been increased rapidly compared to synthetic and natural rubber
over the decade [80]. The primary advantages of TPE over conventional rubber are the ease
of processing and the possibility of recycling and reuse. The disadvantages are the high cost



of raw materials, the inability to highly load with low cost fillers such as carbon black, poor
chemical and temperature resistance and high mechanical hysteresis[81].

All TPEs have microphase separation structures that result from crystallinity,
hydrogen bonding, ionic and van der Waals driving forces. One phase in these systemsis
the soft phase that is between glass temperature, T, and melting temperature, T,. The other
phase isthe hard phase which isrigidly locked in place, because the service temperatureis
below either T, or T, . The relative amounts of two components control the physical
properties of the TPESs.

One approach to formation of TPESis block copolymerization. The first
commercialy available TPEsin the early 1960s are Kraton series from Shell Devel opment
Company. These materials are either poly(styrene-b-butadiene-b-styrene) (SBYS),
poly(styrene-b-isoprene-b-styrene) (SIS), poly(styrene-b-ethylenebutylene-b-styrene)
(SEBS) triblock copolymers which are typically anionically polymerized. The styrene-rich
phase acts as the glassy hard phase up to about 100°C. Approximately 50% of all
production of TPEsare SBS, SIS and SEBS triblock copolymers. Segmented copolymers
based on polyester or polyurethane are formed by condensation polymerizations [81].

Other major productions of TPES, which account for about 30% of TPES market, are
random or block a-olefin copolymers including ethylene-propylene (EP) copolymers formed

by Ziegler-Natta polymerization. The physical crosslink by crystallizable hard segmentsis
particularly interested for better processabilty and mechanical properties compared to the
glassy hard segments. It isdesired that such EP coplymers with molecular structure similar
to the SBStri-block copolymer could be directly polymerized. However, the direct

polymerization of such a-olefin isdifficult, because Zieglar-Natta catalysts have high decay

rates [82, 83] as well as high propagation rates [84, 85]. Synthesis of such polyolefin block
copolymers have been investigated by several researchers [86-88].

A comb-graft copolymer with EPDM backbone and pendant crystalline
polypivalolactone is the exception where the crystalline domains are distinctly dispersed in
the undeformed state [89, 90].

Another approach to formation of TPEs is blending of elastomers with rigid
thermoplastics. The copolymers of a-olefine are often blended with another homopolymer,
which istypically one of the copolymer componentsin order to improve mechanical
properties. One of examplesis blneds of propylene-a-olefin copolymersincluding EPDM

with isotactic polypropylene. These blends show better mechanical properties than the only



copolymers. Co-crystallization behavior is reported in these systems[91].

Blends of natura rubber and polyolefin are investigated to form thermoplastic natural
rubber [92]. The magjor components are NR and isotactic polypropylene. Those blends
were prepared by mixing NR with polyolefinsin an internal mixer at the temperatures about
180°C which are above the melting point of the polyolefins. The mechanical properties of
these blends depend on the ratio of the two components; those with high NR content are
rubbery and those with high polyolefin content are semirigid. Polyethylene, ethylene and
vinyl acetate can be also used. Effects of cross-linking of the NR phase were a so studied
[93].

Ethylene-propylene rubber isimportant heat resistant rubber. Reinforcement by
carbon black for EPR isweaker than for general rubber. Reinforcement of EPR by
incorporation of nylon 6 viareactive processing is interesting for new approach for new type
of reinforcement of rubber using resin. Also, there may be possibility of thermoplastic
elastomer by nylon grafted EPR. Blends of elastomer and thermoplastic are commercially
important to make thermoplastic elastomers and have been investigated by many authors.
Morphology isakey factor affecting the mechanical properties of TPE blends asin the case
of block copolymers.

1.9 Polyolefin blends

Blends of ethylene/propylene copolymers and terpolymers with polyethylene and
polypropylene are commercially important. Numerous patents have issued concerning these
blends[94]. A patent application wasfiled for blends of crystalline polypropylene and EPM
inwhich the EPM contained more than 50% propylene [95]. A patent covering a process for
preparing ablend of natural or synthetic rubber and polypropylene, in which polypropylene
was the continuous phase, was also filed [96]. The properties and applications of polyolefin
thermoplastic elastomers which are commercially available have been shown in
literatures[97, 98].

The morphology and other properties of blends of EPM and EPDM elastomers with
polypropylene have been investigated., Lohse [99] showed that blends of crystalline
polypropylene and ethylene/propylene copolymers are immiscible in 50/50 mixtures using
neutron scattering techniques. Onogi and coworkers [100] showed that phase inversion
occurs at polypropylene contents of 50-60% based on the analysis of modulus data and
infrared dichroism studies for blends of ethylene/propylene elastomer with polypropylene.
Kresge [101] indicated that EPM/polypropylene blends was cocontinuous in the range of 70-
85% EPM from the results of electron micrograph studies. Kresge lists a number of patents
concerned with thermoplastic elastomers prepared by polymer blending. The morphology
and physical properties for blends of ethylene/propylene elastomers with polypropylene



were examined by Danesi and Porter [102]. Ranalli reviewed the properties of
ethylene/propylene elastomer blends with polypropylene [103].

Dynamic vulcanization is another approach to produce TPEs based on a-olefin

polymers. In this process, blends that have elastomeric properties are produced via melt
compounding where cross-linking reaction takes place. The dynamic vulcanizate can flow at
processing temperature and is a kind of thermoplastic elastomer. If blends of polypropylene
which is modified with maleic anhydride and NBR which is amine terminated are
dynamically vulcanized, they should form NBR-PP block copolymer during melt mixing
[104]. This copolymer acts as a compatibilizer in dynamic vulcanization.

1.10 Phase inversion

Phase inversion behaviors of polymer blends are also explored [105]. Morphology of
polymer blends where two polymers are mixed depends on composition. One phaseis
dispersed in other polymer matrix in either extreme of composition. Both two polymers are
continuous in the intermediate region where phase inversion occurs. Such co-continuous
morphology isinvestigated extensively [106].

Interpenetrating polymer networks (IPNs) [107] were proposed by Klempner et al.
The concepts of 1PNs have been devel oped for thermoset polymer systems. Gergen et al.
proposed thermoplastic IPNs and reported the morphology and properties of interpenetrating
network blends of S-EB-S with polypropylene, polybutylene, nylon, polybutylene
terephthalate, polycarbonate and other thermoplastics [108]. The authors defined IPNs as
equilibrium blends of two or more polymers where at least two of the components have three
dimensional spatial continuity. The components retain their individual identities and thus the
properties of both are fully expressed. Factorsfor polymer blends affecting properties are
compositions of component, content of maleic acid, morphology, viscosity , and
crystalinty .

1.11 Purpose of this study

Purpose of thiswork is to explore three major research categories for polymer blends
of nylon 6 and maleated ethylene- propylene rubber such as mechanical behavior, phase
inversion behavior and fracture behavior.

1.12 Scope and organization of this dissertation

Chapter 2 describes dynamic fracture behavior of blends of nylon 6 and maleated
ethylene-propylene rubber. 1zod impact testing and single-edge notch three-point bend
(SEN3PB) instrumented Dynatup tests wer examined extensively. The effects of EPR-g-
MA content, ligament length, method of fracture surface measurement, sample thickness and
fracture position in molded bar on the fracture behavior were investigated.



Chapter 3 explores the effects of maleated rubber type on dynamic fracture behavior
using fracture mechanics approach.

Chapter 4 examines blends of nylon 6 and ethylene-propylene rubber grafted with
maleic anhydride (EPR-g-MA) which were prepared using melt blending process. Nylon 6
particles have potentia to reinforce matrix of EPR-g-MA due to reaction of the polyamide
amine end groups with the grafted maleic anhydride. This chapter focuses on the effects of
content of nylon 6 on the rheological, morphological and mechanical properties of the blends
where nylon 6 is the dispersed phase.

Chapter 5 describes blends of nylon 6 with maleated ethylene-propylene rubber
(EPR-g-MA) which were prepared by melt blending over the whole composition range. The
reaction of the polyamide amine end groups with the grafted maleic anhydride has the
potentia to form thermoplastic elastomers (TPE) with controlled morphology and chemical
bonding between the phases. This chapter focuses on the effects of nylon 6 content and
crystallinity of the maleated rubber on morphological, thermal and mechanical properties of
these blends.

Chapter 6 further exploresthe effect of the amount of nylon 6 on static and dynamic
modulus. The dependence of modulus on polymer composition is analyzed using the theory
proposed by Dickie.

Chapter 7 discusses fundamental chemical aspects of interface for polymer blends

and describes basic requirements for ideal compatibilizer. Conclusionsin this study are
summarized.
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Chapter 2
Fracture toughness of nylon 6 blends with maleated ethylene-propylene

rubbers

2.1 Introduction

The fracture behavior of nylon 6/maleated rubber blends has been described recently
in some detail [1-13]. Based on these and other reports, it is clear that the rubber phase
morphology critically affects mechanical behavior. For afixed rubber content of about 20
wt.%, super-tough blends are obtained provided the rubber particle sizeis greater than a

lower limit of about 0.1 nm, but smaller than an upper limit of about 1 mm [7-9].

Maleic anhydride grafted ethylene-propylene elastomers, EPR-g-MA, are frequently
used for toughening polyamides. Commercia products of this type typically contain
approximately 1% by weight of grafted maleic anhydride and give rise to arubber particle
population in anylon 6 matrix that isin a satisfactory size range for toughening. For
example, two recent reports describe such blends containing rubber particles with aweight

average diameter, aw, of about 0.4 nm that are super-tough down to very low temperature

[8-10]. Howeuver, if the rubber particle size is decreased through the use of EPR-g-MA of
higher maleic anhydride content or increased by diluting the rubber phase with an
unmaleated EPR, significant reductions of blend toughness can be expected at some point
based on published observations for blends of nylon 6 with elastomer particles formed from
a styrene/hydrogenated butadiene/styrene, SEBS, triblock copolymer [6].

It isthe purpose of this chapter to examine thoroughly the fracture behavior of blends
containing 20% by weight of a rubber phase formed from mixtures of maleated and
unmaleated ethylene-propylene rubbers, EPR. It isof particular interest to explore the
ductile-to-brittle transition as a function of the rubber particle size resulting from variation of
the EPR/EPR-g-MA ratio. Various techniques and conditions of impact testing will be used.
For instance, impact strength results obtained by instrumented impact testing in asingle-edge
notch three-point-bend (SEN3PB) configuration will be compared to the standard notched
|zod strengths. Toughness parameters obtained using 1/8 in. (3.18 mm) and /4 in. (6.35
mm) thick specimens, with sharp notches and varying ligament lengths, are explored. These
techniques provide a sensitive method of analysis of the change from ductile-to-brittle mode
of fracture due to compositional and morphological variations.
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Tablel Materialsused in Chapter 2

Polymer Commercid Characterization® Molecular weight® Brabender torque®  Source
designation (Nem)

Nylon 6 Capron 8207F End-group content: M= 22,000 54 AlliedSignal Inc.
[NH,] =47.9 meq g™
[COOH] =43.0 meq g*

EPR-g-MA  Exxelor 1803 43 wt.% ethylene - 8.2 Exxon Chemical Co.
53 wt.% propylene
1.14 wt.% MA

EPR Vistalon 457 43 wt.% ethylene M n = 54,000 10.3 Exxon Chemical Co.
53 wt.% propylene Mo/ Mo=2

& Reference (14).
® Torque value taken after 10 minutes at 240 °C and 60 rpm.
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Table 2 Morphology and impact strength for 80% nylon 6 + 20% rubber blends

Rubber phase Rubber particle Izod (J/m) Ductile-Brittle Dynatup (J/m)
composition dw(mm) | Polydispersity 3.18 mm trangition 6.35 mm Thickness
Thickness temperature Standard Sharp notch
Stand?]rd °O) notch 2mmLigament | 10 mm Ligament
notc
0% EPR-g-MA 1.50 3.49 153 40 148 16 63
+ 100% EPR
12.5% EPR-g-MA + 1.39 1.67 142 40 161 51 96
87.5% EPR
25% EPR-g-MA 1.10 1.95 334 35 181 41 106
+ 75% EPR
37.5% EPR-g-MA + 0.75 1.61 405 20 275 69 277
62.5% EPR
50% EPR-g-MA 0.61 1.89 672 -5 592 55 601
+ 50% EPR
75% EPR-g-MA 0.36 1.58 678 -20 660 55 636
+ 25% EPR
100% EPR-g-MA + 0% | 0.24 1.75 552 -25 574 57 538
EPR
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Fig. 1. Load-deflection curves obtained by Dynatup testing of thick specimens
with a sharp notch and a ligament length of 3.8 mm for the blends based on a
mixture of 25% EPR-g-MA and 75% EPR.
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2.2 Experimental
Table 1 describes the materials used in this study. The nylon 6 isacommercia
product of AlliedSignal designated as Capron 8207F which isa medium molecular weight

grade ( Mn: 22, 000) having nearly equivalent amounts of acid and amine end groups.
Blends of this nylon 6 with a dispersed phase of ethylene/propylene copolymer of varying
particle size were formed by controlling the degree of maleation in the rubber phase by
adjusting the ratio of EPR to EPR-g-MA. Table 2 shows the compositions of the blends
studied and their characteristics.

The materials were dried in avacuum oven for aminimum of 16 h at 80°C prior to
any processing steps. The bale form of non-maleated EPR was cut into strips (2 x 4 X 5
cn) and used to form a masterbatch of 50% EPR and 50% nylon 6 by melt blendingin a
250 ml Brabender Plasticorder [14]. For the final blend all component were first vigorously
mixed in a plastic bag followed by extruding twice at 240°C and 40 rpm in aKillion single
screw extruder (L/D = 30, D = 2.54 cm) outfitted with an intensive mixing head. The
blends were injection molded at 240°C into |zod bars (ASTM D256) that were either 3.18
mm or 6.35 mm thick using an Arburg Allrounder injection molding machine. Molded
specimens were kept in a dessicator under vacuum to avoid water sorption.

The morphology of the blends was observed by a JEOL 200 CX transmission
electron microscope using specimens which were microtomed at —-50°C, typically in the
plane parallel to the injection flow direction at the center of thick (6.35 mm) samplesin the
region of fracture near the gate end of an 1zod bar. The nylon 6 phase was stained by
exposure of thin sections to a 2% agueous solution of phosphotungstic acid for 30 min at
room temperature. The TEM was operated at an accelerating voltage of 120 kV. Rubber
particle size was determined by a semi-automated digital analysis technique using IMAGE®
software from the National Institutes of Health.

Instrumented impact tests were made using a Dynatup Drop Tower Model 8200 by
dropping a 10 kg weight at a speed of 3.5 m/s onto the center of a specimen (I = 54 mm)
with aspan, S, of 48 mm between supports. The specimen geometry was a SEN3PB
having an original ligament length ranging typically from 2 to 10 mm with a sharp notch
made by afresh razor blade cooled in liquid nitrogen. The size of the fracture ligaments was
determined by two procedures: (a) by measuring the actua length, 7, of the fractured
ligament (from the original crack tip to the beginning of the hinge), from which the actual
fracture area can be calculated and (b) by measuring the potential length, £, of the ligament
(fromthe original crack tip to the edge of the test specimen) from which the potential fracture
area can be calculated. Most of the specific fracture energies reported here are based on the
potential fracture area calculated by the product of specimen thickness and potential ligament
length, i.e. method (b). In the case of ductile fractures, procedure (a) gives a shorter
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ligament length (i.e. hinge type failure), so the fracture energy per unit areais higher. Use
of procedure (b) gives amore conservative value of the specific fracture energy. The
fracture energy was calculated from the load-deflection curve. Two typical |oad-deflection
curves to be discussed later are shown in Fig. 1. They were signal-conditioned using a
digital low passfilter to reduce noise vibration for both ductile and brittle fracture.
Correction for drift in the baseline was made on all measurements. Energy losses caused by
fiction and contact of the specimen and the instrument were eliminated to determine the
energy consumed due to fracture. Details of the testing procedure are described elsewhere
[9,15].

2.3 Treatment of fracture data with varying ligament size

Impact fracture energies were measured using both Dynatup and 1zod instruments
employing molded test specimens of practical dimensions, i.e. 3-6 mm in thickness, t, with
sharp notches. The effect of the ligament length on the fracture energy has been analyzed by
two mathematically smilar methods. Both of these methods are based on the ideas
introduced by Broberg [16]. He suggested that the region around the crack consists of an
elastic zone where the fracture initiation occurs and a plastic zone where the energy is
absorbed during crack propagation. Mai and coworkers [17-19] proposed partitioning the
total work of fracture W, or U into two parts, i.e.

W, =W, +W, (1)
where W, isthe "essentia" work of fracture while W, is called the "non-essential" work.
Thefirst term represents the energy required to create two new surfaces, whileW, isa

volume energy term and is proportional to /2 (¢ = ligament length). Accordingly, the total
fracture work may be rewritten as the specific total fracture work w;,
AV o
W, = ét_ff 5= We*+bw/ )
where b isaplastic zone shape factor. Inthisanalysisw, isnot amaterial parameter, but is

dependent on specimen geometry. Vu-Khanh [20] proposed an analogous relationship
Yog+ita &)

A 2
where A isthe area of the ligament to be broken, A =/t. The term G, has been called the
fracture energy at crack initiation and T, has been identified as atearing modulus. The
Interpretation of the slope and intercept terms of plots of U/A vs A is subject to some debate
[19]; however, the intercept term does appear to be similar in value to the critical J-integral

for fracture, J,. [20].

Test conditions used in thiswork are similar to those used by V u-Khanh (thick
specimensin bending under high speed |oading); however, the results will be analyzed
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utilizing amathematical convention similar to the "essential work of fracture” (EWF) method
used by Mai et a.. Sincewe are using different testing conditions and sample geometries
than generally used in the EWF methodology, it isnot yet clear that the parameters will have
exactly the meaning associated with Eq. (2). Thus, for now we adopt a different

nomenclature for the intercept and slope of plotsof w, vs 7, i.e.

U

Y + Uyl 4)

where U/A isthe total fracture energy per unit area, u, is called the limiting specific fracture
energy and u, is the dissipative energy density in the plastic, stress whitened, zone

surrounding the fracture surface [21,22]. Inideal cases, u, = w,and u, = bw,,.

2.4 Results and discussion
The characteristics of the blendsinvestigated in this report are summarized in Table
2. Asthe amount of EPR-g-MA in the rubber phase was reduced from 100 to 0% at 20%

total rubber, the weight average rubber particle size, aw, increased from 0.24 to 1.50 mm.

The particle size polydispersity, or the aW/ an ratio, was found to be essentially constant for
al blendsthat contained EPR-g-MA in the rubber phase; however, the blend without any
reactive rubber component, i.e. 100% EPR, had a significantly higher polydispersity.
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Fig. 2. 1zod impact strength as afunction of average rubber particle diameter for
blends of 80% nylon 6 and 20% maleated EPR mixture.

Standard notched | zod impact strength was determined for the seven EPR-g-
MA/EPR blends studied. The notched 1zod impact strength at room temperature is plotted in

Fig. 2 asafunction of rubber particle size, aw. Super-tough behavior was observed for
blends containing 50% or more of the maleated rubber component when the rubber particle

diameter isbelow 0.61 mm. Blends of intermediate toughness were obtained for rubber

particlesup to 1.1 nmin size. For larger rubber particles, the blends were brittle.

Asshownin Fig. 3, the ductile-to-brittle transition temperature is lower the higher
the content of EPR-g-MA or the smaller the rubber particles. Blends containing less than

37.5% of the maleated rubber, corresponding to rubber particle diameters above 0.75 mm,

arerelatively brittle at room temperature since the ductile-to-brittle transition temperatureis
near or higher than room temperature.
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Fig. 3. Ductile-brittle transition temperature as a function of average rubber
particle diameter for blends of 80% nylon 6 and 20% maleated EPR mixture.

Table 2 also shows impact fracture datafor 6.35 mm thick specimens with both
standard and sharp notches determined in a three-point-bending mode using the Dynatup
Drop Tower. Theimpact fracture energies of specimens with standard notches were
substantially the same as determined by the notched 1zod test, cantilever mode of fracture,

for blends containing 50% or more of EPR-g-MA (aw $ 0.61 mm). However, the largest

differencesin results from the Izod and Dynatup was seen for compositions with
intermediate particle sizes, while at the largest two particle sizes, both methods of testing
gave low impact strengths of about 150 J/m.

Impact strengths for thick specimens containing sharp notches and at two ligament
lengths (2 and 10mm) measured by the Dynatup are also shownin Table 2. Therewaslittle
difference between impact strength of standard notch and sharp notch specimens with 10-
mm ligament length for the blends containing 37.5% or more of EPR-g-MA in the rubber
phase. However, the impact strength for specimens with sharp notches was smaller than for
those with standard notches when comparing the blends containing 25% or less of EPR-g-
MA.
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The specimens with a sharp notch and short ligament lengths (2 mm) showed
interesting behavior in the Dynatup test. The blend containing 0% EPR-g-MA in the rubber
phase fractured in a brittle manner at low energy levels (16 Jm), while blends containing
from 12.5 to 100% of EPR-g-MA fractured in a ductile manner at energy levels of 41 to 69
Jm. These blends were brittle or marginally tough at aligament length of 10 mm, while the
same blends were unexpectedly ductile at aligament length of 2 mm. These results suggest
that a ductile-to-brittle transition results from the change of ligament length for these blends.

2. 4.1 Fracture behavior of single-edge notch three-point-bend specimens

The fracture energy measured as a function of ligament length for 6.35 mm thick
specimens in asingle notch, three-point-bend mode (like that illustrated at the top of Fig. 1)
forms agood linear relationship when plotted as suggested by Eq. (4): the intercept and
dope of such plots give the specific limiting fracture energy, u,, and the dissipative energy
density. u,. Fig. 4 showstypical plotsof U/A vs ¢ for 80% nylon 6/20% rubber blends
with various ratios of EPR-g-MA to EPR. In addition, the possible effect of the position of
the point of fracture along the test bar, relative to the injection gate, was considered. It has
been pointed out by Flexman [23-25] that toughened engineering polymers can show
significant differencesin fracture behavior along the length of an injection-molded bar. He
has shown that differences in toughness between the gate and far ends of the bar are greatest
in notched 1zod tests for blend compositions that fall within a ductile-to-brittle transition
region.

Asshownin Fig. 4, there is adramatic change in the relationship between specific
fracture energy and ligament size as the composition of the rubber phaseisatered. In

blends containing high levels of EPR-g-MA, plots of U/A vs /¢ arelinear with little scatter of
the data. For blendsthat contain 37.5 to 12.5% of the maleated rubber, a single straight line
does not describe the results; the specific fracture energy at short ligament lengthsis high
(failureisductile) while longer ligaments give much lower values (brittle failure). Obvioudy
Eq. (4) does not describe the data over the full range of ligament length in these cases, a
least with asingle set of parameters. For comparison purposes, values of u, and u, for both
ductile and brittle fracture can be computed for specimens that show both types of failure.
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Table 3

Fracture parameters from potential and actual ligament length for Dynatup

measur ement of far end specimens for nylon 6/rubber (80/20) blends
based on mixture of X% EPR-g-MA and (100-x)% EPR

% EPR-g-MA U, (kJ/m?) Uy, (MJIm®)
Potential ligament |  Actual ligament Potentia ligament | Actud ligament
12.5 25.5 28.6 0 0
25 23.3 33.7 2.1 0
375 31.7 39.8 2.2 1.8
50 30.8 34.0 3.1 3.3
75 24.2 314 4.1 3.9
100 24.1 27.1 3.1 2.9
Table 4 The limiting specific fracture energy, u,, for nylon 6/EPR (80/20) blends based on varying
EPR-g-MA content in the rubber phase
Uy (KI/m?)
Far end Gate end
Dynatup Izod Dynatup |zod
6.35 mm 6.35 mm 3.18 mm 6.35 mm 6.35 mm 3.18 mm
% EPR-g-MA Ductile | Brittle | Ductile | Brittle | Ductile [ Brittle [ Ductile|[ Brittle [ Ductile| Brittle [ Ductile| Brittle
0 - 6.2 - 8.2 23.8 10.0 - 5.3 - 8.0 20.5 10.5
12.5 25.5 8.6 22.1 9.2 18.4 115 30.1 9.2 20.8 8.4 215 10.1
25 23.3 11.6 12.5 12.9 17.8 20.1 27.0 11.6 23.3 12.1 23.0 11.3
375 31.7 30.2 17.5 - 16.5 - 35.8 21.9 19.7 - 21.5 13.7
50 30.8 - 21.8 - 13.2 - 26.9 - 20.9 - 17.8 -
75 24.2 - 12.9 - 12.7 - 25.8 - 13.5 - 15.4 -
100 24.1 - 16.1 - 10.1 - 24.7 - 13.9 - 12.7 -
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Table 5

content in therubber phase

The dissipative energy density, u,, for nylon 6/EPR (80/20) blends based on varying EPR-g-MA

Uy, (MJImd)
Far end Gateend
Dynatup Izod Dynatup lzod
6.35 mm 6.35 mm 3.18 mm 6.35 mm 6.35 mm 3.18 mm
% EPR-g-MA Ductile [ Brittle | Ductile | Brittle | Ductile | Brittle | Ductile| Brittle [ Ductile| Brittle | Ductile| Brittle
0 - 0.0 - 0.0 0.0 0.0 - 0.0 - 0.0 0.0 0.0
12.5 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 2.1 0.0 3.2 0.0 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
37.5 2.2 0.0 3.5 - 4.5 - 0.5 0.0 2.3 - 1.4 0.0
50 3.1 - 5.0 - 5.7 - 3.2 - 4.8 - 3.3 -
75 4.0 - 6.0 - 6.4 - 3.9 - 5.7 - 4.6 -
100 2.9 - 2.3 - 6.6 - 2.7 - 2.6 - 5.4 -
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Table 6 Fracture parameters from Dynatup for nylon 6/rubber (80/20) blends
based on varying EPR-g-MA content in the rubber phase

% EPR-g-MA s, K,c, Plane-strain Transition
stress intensity factor ligament length
(MPa) (MPasm*'?) (mm)

0 - 2.7 2.2

12.5 - 3.2 2.3
25 - 35 38

375 109.3 5.3 7.5
50 101.0 - -
75 100.3 - -

100 96.5 - -

28



80% Nylon 6 + 20% Rubber
Dynatup, Sharp Notch
Thickness = 6.35 mm
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Fig. 5. Fracture energy as afunction of potential and actual ligament from
Dynatup measurements for blends based on (a) 75% EPR-g-MA, (b) 37.5% EPR-
g-MA and (c) 25% EPR-g-MA in the rubber phase.

As described earlier, method (@) excludes the hinge portion and uses only the
ligament that is fractured; naturally this gives higher values of U/A than when the ligament
length is obtained by method (b). Fig. 5 compares U/A vs £ plots obtained from methods
(a) and (b) for three selected compositions. The ligament areas represented in Fig. 4 are
based on the potential ligament length, i.e. method (b). The fracture parameters obtained by
the two methods are listed in Table 3. While the numerical values of these parameters
depend on whether ¢ or / , isused, the trends are similar.

Tables 4 and 5 show the numerical values of the intercepts and slopes, i.e. u, and uy
obtained from the plots like those in Fig. 4. They reveal that the blends containing 50% or
more EPR-g-MA are uniformly ductile and have u, values in the range of 24-31 kJ/m? while
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theu, values range from 2.7-4.0 MJn?. For the ductile blends, both the gate and far end
specimens are uniformly tough at all ligament lengths tested; however, the blends containing
37.5% EPR-g-MA or less show amore complicated fracture behavior. It isapparent that as
the proportion of unmaleated rubber increases the blends become more brittle. The greatest
deviation from the behavior typical of the most ductile blendsis seen for EPR-g-MA/EPR
ratios of 25/75 and 12.5/87.5. Here, the test specimens with the largest ligaments show low
values of total specific fracture energy, i.e. U/A, typical of brittle materials, while those with
the smallest ligaments show higher levels. Plots of specific fracture energy vs ligament size
with negative slopes have been reported for high impact polystyrene [26], toughened nylon
6,6 [26] and nylon 6/ABS blends [27]. However, the present results are more dramatic in
that they represent atransition from ductile to brittle fracture as might occur in atransition
from plane stress to plane strain conditions. Indeed, Wu and Mai [28] have reported such a
transition with ligament length; however, they found ductile (plane stress) behavior at large
ligament lengths and brittle (plane strain) behavior at small ligament lengths; the opposite of
what is observed here.
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To further explore the change in mechanism of deformation with ligament size,
fracture surfaces of several marginally tough compositions were examined by scanning
electron microscopy. Different specimens of the blend based on 25% EPR-g-MA inthe
rubber phase gave either relatively low (brittle, A) or high (tough, O) impact energiesat a
ligament length of about 3.8 mm asseenin Fig. 4e. It isapparent from the scanning
electron photomicrographs of fracture surfacesin Fig. 6 that a sample which shows brittle
behavior experiences no matrix yielding at adistance of 2.5 mm from the crack initiation
while the sample exhibiting ductile fracture shows extensive yielding and matrix
deformation. Fig. 1 compares load-deflection curves for specimens of this composition that
show ductile and brittle behavior. The load-deflection traces are identical up to the maximum
load of about 140 N; after this, the more ductile specimen shows higher deflection by about
1 mm, apparently due to higher resistance to crack propagation. Itsload-deflection trace
remains noticeably above that of the brittle specimen indicating a higher total fracture energy.
Accordingly, the delayed crack initiation and a crack propagation mode modified by the
extensive matrix deformation and yielding (Fig. 6b) account for the higher fracture energy.
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(@

(b)

Fig. 6. SEM photomicrographs showing the fracture surface of (a) brittle and (b) ductile
fracture for thick specimens with a 3.8 mm ligament length for blends based on 25% EPR-g-
MA and 75% EPR mixture.
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Fig. 7. Faillure mode as afunction of ligament length and average rubber particle diameter
for blends of 80% nylon 6 and 20% maleated EPR mixture measured by: (a) Dynatup for
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2. 4. 2 Fracture energy by notched Izod test

The Izod test (cantilever configuration) was also used to determine the fracture
energy as afunction of ligament length for specimens with sharp notches for comparison
with the fracture behavior in the single-edge notch three-point-bend configuration using the
Dynatup. Theimpact fracture energiesfor the two tests are compared in Table 2; thereis
good agreement with similar results reported previoudly [6-8, 10].

Standard notched 1zod data are presented in Fig. 2 (as afunction of rubber particle
size) and in Fig. 3 to show the effect of particle size on the ductile-brittle transition
temperature. Fig. 7 shows how the mode of impact fracture (ductile or brittle) of specimens
with sharp notches depends on ligament length, sample thickness, and blend morphology.
In these diagrams, specimens that exhibited complete break with relatively low specific
fracture energy are classified as brittle, while those that exhibited a partial break with high
specific fracture energy were considered to have experienced ductile failure. Asseenin Fig.
7, rather similar ductile-to-brittle boundaries are obtained from Dynatup and 1zod (3.18 or
6.35 mm) testing. No complete, or brittle, breaks were observed when the ligament lengths
were of the order of 2 mm or less, even for the more brittle compositions containing 12.5%
and 25% EPR-g-MA in the rubber phase. Table 6 shows the transition ligament length for
the Dynatup test at which the ductile-to-brittle transition occurred. The value of the transition
ligament length increased with increasing amount of EPR-g-MA in the blend, i.e. with
decreasing rubber particle size. Kudvaet a. [22] have qualitatively explained the transition
from ductile to brittle failure as ligament length increases for transitional materials; the basis
for this argument will be expanded on later.

2. 4. 3 Comparison of fracture energy parameters
The Izod fracture data for specimens of two thickness (both with sharp notches) are

shown in the form of U/A vs ¢ plotsin Fig. 8. The fracture energy parametersu, and u,
obtained from the 1zod and Dynatup (Fig. 4) experiments using various test conditions and
gpecimens are summarized in Tables4 and 5. The parameters obtained from observed
ductile failures for the gate end specimens are plotted in Figs. 9 and 10 as afunction of the
average rubber particle size. In general, values obtained from 1zod and Dynatup testing
show similar trends. The parameter u, seemsto generally increase with rubber particle size
while u, goes through a maximum and then decreases. The values of u, from Dynatup
testing are larger than those from the 1zod test (Fig. 9a); whereas, the oppositeis true for u,
(Fig. 9b). For agiven test configuration, u, is effectively independent of sample thickness
whileu, surprisingly appears to be slightly larger for thicker samples. The differencesin u,
between specimens from the gate and far ends of injection molded bars are relatively
insignificant for all specimens (Fig. 10a); however, for large rubber particles the values of u,
are substantially greater for specimens from the far end of the bar (Fig. 10b). For gate end
specimens, there is agood correlation between Dynatup impact strength for the standard
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notched specimens and u,, (See Fig. 11); however, for far end specimens, the relation is not
so direct. Compositionsthat contain 50% or more of EPR-g-MA are uniformly tough in all

situations; i.e. when the weight average rubber particle sizeis 0.61 nm or less. Blends that

contain less EPR-g-MA (i.e. have larger rubber particles and are marginally tough) are more
sensitive to sample dimensions, location in the bar, and test configuration.

2. 4. 4 Stress analysis

Asmentioned earlier, Kudvaet al. [22] have qualitatively explained the change from ductile
to brittle failure as the ligament length increases in terms of the intersection of classica
equations describing failure by ductile yielding and brittle crack propagation. McCrum et al.
[29] outline the basic argument in terms of ssimple tension for a specimen with variable crack
length; Kudva et al. argued similarly using the analogous equations for bending. The
purpose here isto extend this type of analysis using quantitative information from
experimental Dynatup force-displacement plots like those in Fig. 1 for a bar loaded in three-
point bending (see diagram at top of Fig. 1). Theregion just below the load goes from a
maximum compressive stress at the top of the bar to a maximum tensile stress at the bottom.
For abar without a crack, the maximum tensile stress (at the bottom of the bar) is
S e = ®
according to linear elastic theory [29], where S is the span, tis thickness and W is width.
Substitution of the peak load, F, from Dynatup plots (see Fig. 1) into thisrelation givesa
guantity that we will call the failure stress. The results of such calculations are shown in
Fig. 12 asafunction of the normalized crack length &W for the various blends. The open
circles represent failures judged to be ductile while the closed circles denote failures judged
to be brittle.
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Fig. 11. Dynatup impact strength (standard notch) vs dissipative energy density
(uy) for 6.35 mm thick specimens of varying rubber phase composition.

Of course, the presence of acrack of length, a, in the bar leads to amore complicated
stress pattern and can alter the mode of failure. By the so-called “net section” argument, the
tensile stress at the position of the crack tip is given by

_ an - ai
S max (a) =S max (0)8 W H (6)
wheres, . (0) isthe stress from Eq. (5) where thereis no crack, i.e. a= 0. The stress given

by EQ. (6) amountsto the linear elastic result (Eq. 5) for abar of width (W - ), i.e. the
maximum tensile stress if the shaded material at the top of Fig. 1 wereignored. Thus, if

ductile failure occurs by tensile yielding at astress of s, then the calculated failure stress
from Eq. (5) should be [30]

W - as’

fallurestr&es:syéT(J . @)

On the other hand, linear elastic fracture mechanics predicts that under plane-strain
conditions brittle failure should occur at [31]

failure stress = K (8)

YJa

whereK . isthecritical stressintensity factor and Y is ageometdcal factor given by

Y =1.93- 3.07(a/W)+14.53(a/W)’ - 25.11(a/W)’ +25.80(a/W)* 9)
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Plane-strain conditions are expected when a/W £ 0.6. According to Kudva et at. [22] the
failure stress given by Eq. (7) is smaller than that from Eq. (8) for short ligament (long
cracks) and vice versafor long ligaments (short cracks). Thisexplainsin a qualitative way
the ductile-to-brittle transition with ligament length shown in Fig. 7. Here, we compare

these models with the experimental datato estimate the parameterss, and K ..

The solid linesin Fig. 12 represent the best fit of Eq. (7) to all the data where ductile
failure was exhibited. Thismodel does a satisfactory job of describing the results. For Fig.

12e and f there are too few ductile failures to justify such an analysis. Thevaluesof s,

obtained from this data fitting procedure are listed in Table 6; the s, parameters from thisfit
decrease with increasing amount of EPR-g-MA in the blend which corresponds to smaller
particles, higher levels of grafting, and reduced crystallinity. The absolute valuesof s,

obtained by thefit, are quite large compared to those obtained from simple tensile tests; of
course, the yield strength is expected to be larger at higher strain rates but there are no data

available for direct comparison at the strainrates( 10° s™) of this type of test. High-speed

tensile databy Dijkstraet a. [32] indicate arapid increase in yield stress asthe strain rate
approaches the levels estimated for the current test; thus, the estimatesin Table 6 may be
plausible.

The dotted linesin Fig. 12 represent the best fit of Egs. (8) and (9) to the brittle
failure stresses (limited to conditions where plane-strain is expected). Table6 liststhe
values of K, obtained by thisfitting procedure. Since brittle fracture was not observed in
Fig. 12 a-c, no values of K. were deduced for these compositions. The values of the K.
parameter obtained in this way increase with increasing EPR-g-MA content in the blend.
Adams reported akK . value of 3.0 MPam"? for Zytel 101 (nylon 6,6) tested in an impact
mode (1 m/s) similar to the method reported here [33]. The valuesreported in Table 6 arein
the same range.
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2. 5 Conclusions

Fracture behavior of toughened nylon 6 blends of varying rubber particle size was examined
by 1zod and SEN3PB type tests using injection molded specimens of two thickness with sharp
notches and varying ligament lengths. Plots of specific fracture energy vs ligament length were
linear when ductile failure occurred; values of the limiting specific fracture energy (u,) and the
dissipative energy density (u,) were obtained and discussed.

When thereis 50% or more of the reactive EPR-g-MA in the rubber phase ( aw =0.24t0
0.61 mm), super tough blends were obtained under all testing conditions; the specific fracture

energy showed alinear relationship vs ligament length with very little scatter. The impact
strength of these specimens was generally insensitive to which end of the bar that was tested.
The same range of impact fracture energies was obtained with thick and thin specimens and by
using either the Izod or Dynatup tests.

Blends that contained 37.5% or less of EPR-g-MA and where the rubber particle size was
0.75 nm or higher were more sensitive to sample dimensions, location along the bar, and test

configuration. A dua mode of fracture was observed, depending on ligament length, for
blends which had a ductile-to-brittle transition temperature near room temperature or higher; the
specimens with short ligaments fractured in a ductile manner and gave high values of the
specific fracture energy, while the specimens with long ligaments showed brittle fracture and
gave lower values of energy. A dua mode of fracture was observed for both |zod and
SEN3PB tests. The critical ligament length at which the ductile-to-brittle transition occurred
increased with increasing amount of EPR-g-MA in the blend, i.e. with decreasing rubber
particle size. The change from ductile failure at short ligament length to brittle failure at longer
ligaments for these transitional materials was rationalized in terms of classical equations for
ductileyielding and brittle crack propagation. Values of the yield stress and critical stress
intensity factor were estimated from the data using these model equations.
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The parameter u, was found to be more sensitive to rubber particle size, sample thickness
and location in the molded bar than u,. A good correlation between the standard Dynatup
impact strength and the parameter u, was observed for the gate end specimens.



REFERENCES

[1] Wu S. Polym Engng Sci 1987;27:335.

[2] Wu S. JAppl Polym Sci 1988;35:549.

[3] Lawson DF, Hergenrother WL, Matlock MG. J Appl Polym Sci 1990;39:2331.
[4] Gilmore DW. Plastics Engng 1989;45:51.

[5] Hobbs SY, Bopp RC, Watkins VH. Polym Engng Sci 1983;23:380.

[6] Oshinski AJ, KeskkulaH, Paul DR. JAppl Polym Sci 1996;61:623.

[7] Oshinski AJ, Keskkula H, Paul DR. Polymer 1996;37:49009.

[8] Oshinski AJ, Keskkula H, Paul DR. Polymer 1996;37:49109.

[9] Kayano Y, Keskkula H, Paul DR. Polymer 1997;38:1885.

[10] Kayano Y, Keskkula H, Paul DR. Polymer 1998;39:2835.

[11] Borggreve RIM, Gaymans RJ, Schuijer J. Housz JFI. Polymer 1987;28:1489.
[12] Borggreve RIM, Gaymans RJ. Polymer 1988;29:1441.

[13] Borggreve RIM, Gaymans RJ. Polymer 1989;30:63.

[14] Oshinski AJ, KeskkulaH. Paul DR. Polymer 1996;37:4891.

[15] Chung I, Throckmorton E, Chunury D. Soc Plast Engng. ANTEC 1979;25:681.
[16] Broberg KB. Int JFract 1968;4:11.

[17] Mai Y, Powell P. JPolym Sci Part B: Polym Phys 1991;29:785.

[18] Mai Y. Int JMech Sci 1993;35:995.

[19] Mai Y. Polymer Commun 1989;30:330.

[20] Vu-Khanh T. Polymer 1988;29:1979.

[21] Wildes G. KeskkulaH, Paul DR. Polymer 1999;40:7089.

[22] Kudva RA. KeskkulaH. Paul DR. Polymer 2000;41:335.

[23] Flexman EA. International conference: toughening of plastics. London: The Plastics and
Rubber Inst, 1978 (p. 14).

[24] Flexman EA. Polym Mater Sci Engng 1990;63:112.

[25] Flexman EA. Soc Plast Engng. ANTEC 1984;30:558.

[26] Vu-Khanh T. Theor Appl Fracture Mech 1994;21:83.

[27] Mamat A, Vu-Khanh T, Cigana P, Favis BD. J Polym Sci Part B:Polym Phys
1997;35:2583.

[28] Wu J, Mai Y. Polym Engng Sci 1996;36:2275.

[29] McCrum NG. Buckley CP, Bucknall CB. Principles of polymer engineering. Oxford
University Press, Oxford. 1988, pp. 194-200.



[30] Gross B, Srawley JE. Stress-intensity factors for single-edge-notch specimensin bending
or combined bending and tension by boundary collocation of a stress function. Technical Note.
D-2603, NASA, 1965. p. 8.

[31] Brown WF, Srawly JE. ASTM 410, 1996. p. 13.

[32] DijkstraK, Wevers HH. Gaymans RJ. Polymer 1994;35:323.

[33] Adams GC. Soc Plast Engng ANTEC 1988;34:1517.

45



Chapter 3
Fracture toughness of blends of nylon 6 with maleated styrene/hydrogenated
butadiene/styrene tri block copolymer

3. 1 Introduction

Super tough blends of nylon 6 with mal eated elastomers such as maleic anhydride
grafted ethylene-propylene rubber, EPR-g-MA, have become commercially important
materials of considerable and scientific interest [1-12]. An essential feature of these materials
isthe graft copolymer generated from the reaction of the grafted maleic anhydride with the
polyamide amine end groups during the melt blending process. The grafted copolymer
strengthens the interface between phases, reduces interfacial tension, and provides steric
stabilization that retards coalescence of the dispersed phase. The latter allows formation of
stable, finely dispersed rubber particles. Super tough blends result when the rubber particle
size iswithin the optimum range where the rubber particles can cavitate during the fracture
process and permit shear yielding of the polyamide matrix [6][7][8]. A critica interparticle
distance, according to the percolation model, defines an upper limit on particle size of about

1 mm[35]. A lower limit on particle size of about 0.1 mm is believed to be associated with

difficulty in cavitation of rubber particles[7][10][12].

These observations of an optimum range of rubber particles are based on the standard
notched Izod impact test which is commonly used because it is convenient and provides easy
comparison among several materials. However, the 1zod test provides limited information
about fracture behavior, i.e., the energy absorbed under fixed conditions of notch depth,
notch radius, and ligament length. Previous papers from this laboratory have reported more
detailed characterization of fracture behavior based on the essential work of fracture (EWF)
model using instrumented Dynatup test in a single-edge notched three-point bend (SEN3PB)
configuration [20][21][28][29][32].

In a previous chapter, it was shown that a ductile-to-brittle transition occursin both

rubber particle size and ligament length for SEN3PB specimens, £, for blends of 80% nylon
6 and 20% rubber based on mixtures of EPR-g-MA and unmaleated rubber, i.e., EPR [28].
For marginally tough blends with rubber particles on the edge of the optimal size range,
brittle fracture was found to occur for the specimens with long ligament lengths while ductile
fracture was seen at short ligament lengths. It was demonstrated that the ductile fracture can
be well-described by the EWF model, while the brittle fracture can be rationalized by linear
elastic fracture mechanics (LEFM), e.g., by the critical stress intensity factor, K, ., model
[28]. Such aductile-to-brittle transition in ligament length has a so been observed for blends
of nylon 6 with ABS materials compatibilized with an imidized acrylic polymer (IA)
[21][29]. It has been shown that the LEFM parameters can be calculated from such brittle
behavior and that they provide more in-depth information about the optimum rubber particle
46



size limit although the rigorous requirements for application of this model may not always be
satisfied for such blends which have low yield strength and high toughness [29].

The purpose of this chapter isto expand on the previous chapter [28] by comparison
of blends of nylon 6 with maleic anhydride grafted styrene/hydrogenated butadiene/styrene
triblock copolymer, SEBS-g-MA, with the prior blends based on EPR-g-MA. Ductile
behavior is analyzed by the EWF method while brittle fracture is analyzed in terms of the
critical stressintensity factor (K,.) and the critical strain energy release rate (G,.) methods. A
detailed characterization of the ductile-to-brittle transition in rubber particle size and ligament
length using LEFM methodsiis presented.

3. 2 Experimental

Table 1 shows the materials used in thiswork. The nylon 6 isacommercia product
of Honeywell (formerly AlliedSignal) designated as B73WP (formerly Capron 8207F)
which was a medium molecular weight grade ( Mn = 22, 000) with nearly equivalent
amounts of acid and amine end groups. Blends of nylon 6 containing 20% total rubber
based on various mixtures of maleated and non-maleated rubbers were prepared. The size of
dispersed rubber particlesin the polyamide matrix was varied by adjusting the ratio of non-
maleated rubber to maleated rubber. Table 2 shows the compositions of the blends and their
characteristics.
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Tablel

Materials used in thiswork

Polymer Commercia Characterization® Molecular weight® Source
designation
Nylon 6 Capron 8207F° End-group content: M =22,000 AlliedSignal Inc.
[NH,] =479 meqg*
[COOH] =43.0meq g*
EPR-g-MA Exxelor 1803 43 wt.% ethylene Not available Exxon Chemical Co.
53 wt.% propylene
1.14 wt.% MA
EPR Vistalon 457 43 wt.% ethylene M =54,000 Exxon Chemical Co.
53 wt.% propylene _ —
Mw/Mn =2
SEBS-g-MA Kraton FG-1901X 29 wt.% styrene Not available Shell Chemical Co.
1.84 wt.% MA
SEBS Kraton G 1652 29 wt.% styrene Styrene block = 7,000  Shell Chemical Co.
EB block = 37,500
4 Reference [6].

® The designation of this material has been changed to B73WP.
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The materials were dried for aminimum of 16 h in avacuum oven at 80°C prior to
any processing steps. The blends were melt mixed using aKillion single screw extruder
(L/D = 30, D = 2.54 cm), outfitted with an intensive mixing head, operated at 240°C and 40
rpm. The desired proportion of polymer components were vigorously mixed before feeding
to the extruder hopper. Each blend was extruded twice to assure adegquate mixing. The
masterbatch process was additionally used for preparation of blends of nylon 6 with
maleated EPR. A masterbatch of 50% EPR and 50% nylon 6 was formed by melt blending
in @250 ml Brabender Plasticorder using the bale form of non-maleated EPR which was cut
into strips (2 x 4 x 5 cm®) and blended with additional nylon 6 and EPR-g-MA [13]. The
blends were formed into |zod bars (ASTM D256), either 3.18 mm or 6.35 mm thick, using
an Arburg Allrounder injection molding machine at 240°C. Molded specimens without
defects were selected and kept in a dessicator under vacuum to avoid water sorption.

The morphology of the blends were observed by a JEOL 200 CX transmission
electron microscope using ultrathin sections at an accelerating voltage of 120 kV. Thethin
sections (10 to 20 nm thick) were cryogenically microtomed at —50°C in the plane pardldl to
the injection flow direction at the center of thick (6.35 mm) samplesin the region of fracture
near the gate end of an I1zod bar. Thin sections were exposed to a 2% aqueous solution of
phosphotungstic acid for 30 min at room temperature and the nylon 6 phase was stained.
Rubber particle size was determined by a semi-automated digital analysis technique using
IMAGE® software from the Nationa Institutes of Health.

Impact tests were made by the standard |zod procedure (ASTM D256) and by an
instrumented Dynatup Drop Tower Model 8200; the latter employs a single-edge notched,
three-point bend (SEN3PB) specimen geometry [8] [14]. The specimens were prepared by
cutting injection molded bars (6.35 mm thick and 12.5 mm wide) into two pieces (one half
gate-end and far-end specimens) whose lengths were exactly 54 mm. The origina ligament
length of the specimens ranged typically from 2 to 10 mm. A sharp notch was made by a
fresh razor blade cooled in liquid nitrogen. The Dynatup test was made by dropping a 10 kg
weight at a speed of 3.5 m/s, the same asin the standard |1zod test, onto the center of a
specimen with a span, S, of 48 mm between supports. The number of the SEN3PB
specimen used was between 14 and 31. The size of the ligament |ength was determined by
measuring the potentia length of the ligament (from the original crack tip to the edge of the
test specimen) from which the potential fracture area can be calculated. The fracture energy
was calculated from the load-deflection curve, which was signal-conditioned using a digital
low pass filter to reduce vibration noise. Drift in the baseline was corrected for all
measurements. The fracture energy was obtained by excluding energy losses dueto friction
and contact between the specimen and the instrument. Other details of the testing procedure
are described elsewhere [8][14][28].
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3. 3 Fracture analysis

Broberg introduced the idea that the region around the crack consists of an elastic
zone where fracture initiation and extension occur and a plastic zone where additional energy
is absorbed during crack propagation [15]. Based on this model, Mai and coworkers
[16][17][18] proposed that the total work of fracture W, or U is divided into two parts, i.e.
W, =W, +W, (1)
where W, isthe "essentia” work of fracture while W, isthe "non-essential" work
[16][17][22][33]. It isassumed that W, represents the energy required to create two new
surfaces from yielded material and is proportional to the fracture area, while W, is avolume

energy term and is proportional to /2 (¢ = ligament length). Accordingly, the total fracture
work is rewritten as the specific total fracture work, w,, as follows

_aNo

W= oy g™ Wet bw, ¢ (2

where w, is the specific essential work of fracture, b is a plastic zone shape factor, and w,, is
the specific non-essential work of fracture. This model requires that aligament must be fully
yielded before fracture and ligament length has the limitation as follows:

5t </ (3)

wheret is the thickness.

Vu-Khanh [19] proposed an analogous relationship
Y. G, + 1TaA 4)
A 2
where A isthe area of the ligament to be broken, A =/t. Theterm G, isthe fracture energy
at crack initiation and T is the tearing modulus. Prior work indicates that the approach by
Mai is more appropriate because the ligament length describes the second term more

accurately than the ligament area [21].

Testing conditions and sample geometries in this study may not always satisfy the
criteriaproposed by Mai for the yielding and ligament length. Therefore, we adopt a

different nomenclature for the intercept and slope of plots of w;, versus /7, i.e.

U

e U, + Uyl ®)

where U/A isthe total specific fracture energy, u, iscalled the limiting specific fracture
energy and u, is the dissipative energy density [20][21]. Inideal cases, u, = w,and u, =
bw,; these relations may not aways be satisfied, therefore a different nomenclature seems

appropriate.

The maximum tensile stress at the bottom of a bar (without a crack) is expressed by
the following relation from linear elastic theory [23]:
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3
S max = 2tW 2 (6)

where Sisthe span. This equation gives the failure stress when the peak load from the
Dynatup load-deflection curve is substituted for F. The failure stress for ductile fracture can

be expressed using unnotched tensile stress at the same conditions as the fracture, s, asa

function of normalized crack length, a/W, as follows [24]:

_ A - as’
Smax_syé W g (7)

On the other hand, the failure stress for brittle fracture is expressed by K. under plane-strain
conditions as follows [25]:

KIC
Siex —— 1 8
where K. isthe critical stressintensity factor and Y is a geometrical factor whichis
expressed by
Y=1.93- 3.07(a/W)+14.53@/W)’ - 25.11(a/W)*+25.80(a/W)*. 9)
Plane-strain conditions are expected when a/W £0.6. Theyield stress or the critical stress
intensity factor can be calculated by fitting plots of failure stress versus normalized crack

length, a/W, to the applicable model using non-linear regression analysis. The failure
mode, i.e., ductile or brittle, depends on the relative stress level for brittle fracture givenin

terms of K, and for ductile fracture giveninterms of s, at acertain ligament length for a

given material. Either ductile or brittle fracture can occur depending on which is smaller, the
stress for brittle or for ductile fracture.

The size criterion to ensure plane-strain conditions, according to the ASTM testing
standards, is given by [31]:

.2

0
taor/> 2.5§%+ (10)
y ﬂ

where (K, /s,)* is proportional to the plastic zone size around the crack tip. The thickness

and ligament length always satisfy this criterion, but the crack length may not, in this work.

The critical strain energy release rate, G, ., model can also be used to analyze brittle
fracture [30][31]; G, is expressed by the fracture energy at peak load as follows [29]:

Upeakload =U K + GICtW (11)
where U, isthekinetic energy required to accelerate a sample to the testing speed and f is
the energy cdlibration factor. Thetermf isgiven by the following function of the crack

length, a,:
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. A+18.64 (12)
dA/dx

wherex = a/W and A is

&16x> O
A= 16))(( -(8.9- 33.7x+79.6x - 113.0x° +84.8x"* - 25.7x%) (13)
- a

for the specimen geometry used in thistest [31]. Plane—strain conditions are assumed in this
model and are expected only if theratio of the crack length to the width isless than or equal
to 0.6. Thevaue of G,.. isdeduced from the slope of a plot of total fracture energy versus

tWf for the specimens which fracture in a brittle manner and are in the range of a/W £0.6.
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Table2

Morphology and impact strength for blends of 80% nylon 6 and 20% total rubber

Rubber phase composition % Maleated rubber aw (mm) aw /d Izod (Jm) Ductile-to-brittle
transition
temperature (°C)

X% EPR-g-MA + (100-x)% EPR 0 1.50 3.49 153 40

12.5 1.39 1.67 142 40

25 1.10 1.95 334 35

375 0.75 1.61 405 20

50 0.61 1.89 672 -5

75 0.36 1.58 678 -20

100 0.24 1.75 552 -25

X% SEBS-g-MA + (100-x)% SEBS 5 1.94 6.83 123 40
10 1.04 351 264 30

25 0.23 2.28 974 -5

75 0.10 1.16 476 -10
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According to linear elastic fracture mechanics, K. and G, should be related by the
following [38]:

1- n3)KZ
Gic =£_Eu (14)
wheren is Poisson’ s ratio and E is the tensile modulus at the same testing conditions as the

fracture test.

3. 4 Results and discussion
3. 4. 1 Morphology and notched |zod impact strength
Table 2 shows some characteristics of the blends investigated in this chapter. The

weight average rubber particle size, aw , decreases as the amount of maleated rubber in the

rubber phase increases. The particle size ranged from 0.24 to 1.50 nm for EPR-based

blends, while for the SEBS-based blends the particle size ranged from 0.10 to 1.94 nm.

The polydispersity for EPR-based blends is essentially constant as the amount of EPR-g-MA
isincreased; however, for SEBS-based blends the polydispersity decreased with increasing
amount of SEBS-g-MA. The blends containing either 100% EPR-g-MA or 25% SEBS-g-

MA lead to small particles of smilar size, about 0.23 — 0.24 nm in diameter, and have high
fracture toughness. However, blends containing 25% EPR-g-MA or 10% SEBS-g-MA
have large rubber particles, about 1.04 — 1.1 mm, and are marginally tough. The fracture

characteristics of these blends with similar particle sizes are compared in alater section.

Fig. 1 shows standard notched, room temperature 1zod impact strength for 3.15-mm
thick specimens made from the various blends as a function of their rubber particle size. The

two blend systems are similar in that the notched 1zod strength is at a maximum for aw
between about 0.2 to 0.6 nm. However, the maximum |zod strength for the SEBS blendsis
about 1.5 times larger than that for the EPR blends. These results are in accord with prior

observations from this laboratory [6][9]. At large values of aw, both blend systems
fractured in a brittle manner and showed similar 1zod strength values.
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Fig. 1. Izod impact strength as a function of average rubber particle diameter for blends
of 80% nylon 6 and 20% total rubber based on EPR-g-MA/EPR and SEBS-g-
MA/SEBS mixtures. The broken curveisdrawn from prior datafor blends of

SEBS/SEBS-g-MA-2% with nylon 6 (M, = 22, 000) [6].

Fig. 2 shows the ductile-to-brittle transition temperature (DBT) as afunction of
rubber particle size. Both blend systems show anincrease in DBT with increasing rubber

particle size. For aw > 1 mm, the DBT is near room temperature or higher for both blend

systems. For aw < 1 nm, the DBT becomes much lower than room temperature; however,

below 0.4 mm the EPR-based blends show substantially lower DBT than the SEBS-based

blends. Thisisaso consistent with the resultsin a previous report [7]; the better low-
temperature toughness of EPR-based blends is related to the lower modulus of EPR than
SEBS in this temperature range.
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Fig. 2. Ductile-to-brittle transition temperature as a function of average rubber particle
diameter for blends of 80% nylon 6 and 20% total rubber based on EPR-g-MA/EPR
and SEBS-g-MA/SEBS mixtures. The broken curve isdrawn from prior data for

blends of SEBS/SEBS-g-MA-2% with nylon 6 ( I\_/In: 22, 000) [7].

3. 4. 2 Failure mode map for Dynatup impact test

The faillure mode observed by Dynatup for 6.35-mm thick specimensin the SEN3PB
configuration is summarized in Fig. 3 as afunction of the rubber particle size and the
ligament length. Specimens showing a partial break with relatively high specific fracture
energy were classified asductile. A stress-whitened zone surrounding the fracture surfaceis
characteristic of aductile fracture. Specimens exhibiting a complete break with low specific
fracture energy were classified as brittle. Hinged breaks observed for four specimens
containing 25% EPR-g-MA and one specimen containing 10% SEBS-g-MA, see Fig. 7,
were not classified as either ductile or brittle in this paper because specimens exhibiting this
type of failure may not be fully loaded in the |1zod test: the pendulum either stops or the
specimen deflects out of the path of the pendulum for hinged breaks in the |zod test [6].
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Fig. 3. Failure mode as afunction of ligament length and average rubber particle
diameter for blends of 80% nylon 6 and 20% total rubber measured by Dynatup for
thick specimens with sharp notches. The measured ductile-to-brittle trangition ligament
lengths for the EPR-based blends (solid line) and for SEBS-based blends (+) are
compared to the ligament length criterion which is calculated by Eq. (15) for EPR-
based blends (broken line) and for SEBS-based blends (x).

Both blend systems generally exhibit similar fracture modes depending on the rubber
particle size and the ligament length. Ductile fracture was observed for al ligament lengths

when aw islessthan 0.7 mm; whereas, brittle fracture was observed for al ligament lengths

when aw islarger than 1.4 mmasseenin Fig. 3. A ductile-to-brittle transition with respect
to ligament length was observed for the marginally tough blends having rubber particlesin

the size range from 0.7 to 1.4 mm for both blends.

The measured critical ligament lengths for the ductile-to-brittle transition are indicated
asasolid line for EPR-based blends and as a plus mark for SEBS-based blends in Fig. 3.

The trangition ligament length increases from 2.45 to 8.25 mm as aw is decreased from 1.39

to 0.75 nm for EPR-based blends. For the two blend systems with d,, of about 1nm, the

critical ligament length is 5.28 mm for the 10% SEBS-g-MA blend (aw =1.04 rm) and 3.85
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mm for the 25% EPR-g-MA blend (aw = 1.1 mm). The failure mode clearly depends on EIW
and the ligament length but seems rather independent of the rubber type.

The measured ductile-to-brittle transition ligament lengths for the EPR-based (solid
line) and for the SEBS-based blends (+) are compared to the ligament length criterion given
by the following equation, i.e., the right-hand side of Eq. 10 for EPR-based blends (broken
line) and for SEBS-based blends (x),

.0

=2. _IC; 1
1=25¢ (15)

using measuredK . and s, values from the stress analysis resultsin alater section. The

calculation shows similar trends as the experimental results: the calculated critical ligament

length from this criterion increases as aw is decreased for EPR-based blends but is dightly
less than the experimentally observed length. Thus, the thickness (6.35 mm) and ligament
length of specimens which fractured in a brittle manner are larger than the calculated criterion
and satisfy the criterion for plane-strain conditions expressed by Eq. 10. On the other hand,

the crack lengths for the EPR-based blends with aw > 1.2 mm were larger than the criterion,

but those for the EPR-based blends with aw < 1.2 mm were not always larger than the

criterion: the crack length did not always satisfy the criterion for plane-strain conditions, as
described in detail later. Pressly reported smilar trends for the transition ligament length in
blends of nylon 6/ABS/IA; the transition occurs at a ligament length of about 7.7 mm for
25% ABS blend (70/25/5) at room temperature where the calculated ligament criterion also
describes the measured transition ligament length reasonably well [29].

Fracture surfaces of the marginally tough blends were observed by scanning electron
microscopy to further identify the deformation mechanism. Fig. 4 compares fracture
surfaces for both ductile and brittle specimens for the blend based on 10% SEBS-g-MA in

the rubber phase ( (_ZIW =1 nm). Thisblend exhibits brittle fracture with relatively low

fracture energy at aligament length of about 4.9 mm; whereas, ductile fracture with high
energy is seen at aligament length of about 5.1 mmin Fig. 7. No matrix yielding was
observed at a distance of 4 mm from the crack initiation for the brittle specimen as seenin
Fig. 4(a). On the other hand, extensive yielding and matrix deformation was shown at 4 mm
from the crack initiation for the sample breaking in a ductile manner as seenin Fig. 4(b).
Similar trends were reported for the EPR-based blends in the previous chapter [28]. From
these observations, it is suggested that higher fracture energy for ductile specimens stems
from the extensive matrix deformation and yielding in the stress-whitened zone surrounding
the fracture surface.
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HEE

Fig. 4. SEM photomicrographs of the fracture surface at a distance of 4 mm from the
crack initiation for blends based on 10% SEBS-g-MA in rubber phase: (@) brittle
fracture, (b) ductile fracture.

3. 4. 3 Fracture analysis

In this section the load-deflection curve measured by the Dynatup impact test is
analyzed in terms of both the energy and stress at fracture. The fracture energy for ductile
faillureis analyzed using the EWF model whilethat for brittle fracture is rationalized with the
G,. model. The fracture stress is analyzed using the yield stress or the K, . models.
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3. 4. 3. 1 Energy analysis
Ductile fracture was observed over the entire range of ligament lengths for the blends

with small rubber particles (d,, = 0.2 nm), which was based on 100% EPR-g-MA and 25%

SEBS-g-MA in the rubber phase, as seenin Fig. 3. Fig. 5 shows the relationship between
the specific fracture energy, U/A, and the ligament length for the blends with small rubber
particles. In the previous chapter [28], gate and far end specimens were analyzed separately
in order to show the effect of crack position in the molded bar on the fracture behavior. It
was shown that the difference in the fracture energy between crack positionsis very small

for the tough blends where d,, is less than 0.7 rm. On the other hand, scatter in the fracture
energy based on the different crack positions was observed for the marginally tough blends,
where aw islarger than 0.7 mm; u, for the far end side was larger than that for the gate end
side for blends with 25% and 37.5% EPR-g-MA while u, is sSimilar at the two crack
positions. However, the fracture mode seems to be independent of the crack position and
the gate and far ends showed similar trends with respect to the ductile-to-brittle transition as
demonstrated in the previous chapter. Therefore, in this chapter those specimens were
analyzed together, although fracture position seems to cause some scatter in fracture energy
for marginally tough blends.

(a)d =0.2mm
w

120 25% SEBS-g-MA

%)

U/A (kJ/m
0]
o

a0 F

100% EPR-g-MA

Ligament Length (mm)

Fig. 5. Specific fracture energy as afunction of ligament length for blends of 80%
nylon 6 and 20% total rubber containing 100% EPR-g-MA and 25% SEBS-g-MA in

the rubber phase where the average rubber particle diameter isabout 0.2 nm. The solid

line for ductile datapointsis calculated by the EWF model.
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The EWF model provides agood fit of the measured ductile fracture energy as
shown in Fig. 5, and, thus, appears to be an appropriate method to analyze such behavior.
The essentia fracture parameters, u, and u,, are summarized in Table 3. The intercept, u,,
for SEBS-based blends is smaller than that for the EPR-based blends; however, the slope,
u,, islarger for the SEBS-based blends. Similar trends were reported for nylon 6 blends
with maleated SEBS and maleated EPR [32]. The parameter u, iSthe energy per unit area
for crack initiation and propagation, while u, is the energy per unit volume for plastic
deformation near the crack tip. It issuggested that SEBS-based blends show more extensive
plastic deformation than EPR-based blendsin ductile fracture, while the energy for crack
propagation for the former is smaller than that for the latter. These results would explain the
superior toughness of SEBS-based blends compared to EPR-based blends in |zod tests and
are consistent with the previous observation that SEBS-based blends exhibit larger plastic
deformation zones than EPR-based blends [9].
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Table3
Fracture parameters for essential fracture work analysis for blends of 80% nylon 6 and 20% rubber

Rubber phase composition X (%) u, (kJm?) Uy, (MJIm®)
X% EPR-g-MA + (100-X)% EPR 0 - -
125 27.8 0.0
25 20.5 3.0
375 31.8 19
50 289 3.2
75 25.0 4.0
100 24.4 2.8
x% SEBS-g-MA + (100-X)% SEBS 5 - -
10 22.4 4.6
25 18.8 10.6

75 17.2 0.9




Both ductile and brittle fracture modes were observed for the blends with large
rubber particles ( aw = 1 nm), which contains 25% EPR-g-MA and 10% SEBS-g-MA in the

rubber phase, as seen in Fig. 3. Ductile fracture occurred for the specimens with short
ligament lengths and the results were analyzed by the EWF method; however, brittle fracture
was observed for specimens with long ligament lengths. Thus, the EWF methodology is not
applicable over the entire range of ligament lengths for these materials. Asshown earlier,
ether theK . or G, analysis of linear elastic fracture mechanics is more appropriate than the
EWF approach for these brittle fractures.

1.4 [ —@—25% EPR-g-MA ]
[ —O—10% SEBS-g-MA ]
12 i —Jl—Nylon 6 %

u@)

tWf (10°m?)

Fig. 6. Fracture energy at peak load as afunction of tWf based on thecritical strain

energy release rate model for neat nylon 6 and blends of 80% nylon 6 and 20% total
rubber containing 25% EPR-g-MA and 10% SEBS-g-MA in the rubber phase where

average rubber particle diameter isabout 1 nm.
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Table4
Fracture parameters for nylon 6 and blends of 80% nylon 6 and 20% rubber

Composition % Maleated rubber S, (MPa) K,c (MPam*?) G, (kJn)
Nylon 6 0 - 1.7 3.3
80% nylon 6 + 0 - 2.7 8.7
20%(x% EPR-g-MA + (100-x)% EPR) 12.5 - 3.2 14.4
25 124.2 35 19.3
37.5 109.3 53 38.4
50 101.0 - -
75 100.3 - -
100 96.5 - -
80% nylon 6 + 5 - 1.6 6.9
20%(x% SEBS-g-MA + (100-x)% SEBS) 10 114.7 4.4 18.3
25 1119 - -

75 72.9 - -




Brittle fracture energy was analyzed by the critical strain energy relesserate, G,
model for the blends based on 25% EPR-g-MA and 10% SEBS-g-MA in the rubber phase.

Fig. 6 shows the fracture energy at peak load as afunction of tWf for brittle specimens for

two blend systems and neat nylon 6 based on Eq. (6). Specimens of pure nylon 6 fractured
in abrittle manner for all ligament lengths; however, the only data where a/W islessthan 0.6
were plotted in Fig. 6 according to the requirement of plane-strain conditions as mentioned
before. Theintercept in Fig. 6 was set equal to the kinetic energy [36], U,, calculated from
1/2mv ? was 0.028 to 0.030 J, where misthe weight of the specimen and v is the tup
velocity of 3.5 m/s. The G, values were derived from the slope of same plots and are
summarized in Table 4. The G, value for neat nylon 6 is 3.3 kJ/m? and is Similar to that
given by Laura (4.7 kdnt) [36]. The values of G,.. for both blend systems with rubber

particles of aw = 1 mm approximately coincide with each other asshown in Table4. The

values of G, for both blends are about 5.5 times larger than that of pure nylon 6. This
suggests that inclusion of rubber particlesin the nylon 6 matrix increases G, values.
Although the blends break in a brittle manner, toughness of the blends is considerable larger
than that of neat nylon 6. It appears that the G, obtained from the brittle fracture energy for
the blends isindependent of the rubber type but depends on the rubber particle size.
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Fig. 7. Specific fracture energy as afunction of ligament length for the materials
described in Fig. 6. The solid lineis calculated for ductile fracture by the EWF model
and the broken line is drawn using energy values calculated from the G, analysisin
Fig. 6.

Fig. 7 shows the specific fracture energy as afunction of ligament length for neat
nylon 6 and both blend systems based on 25% EPR-g-MA and 10% SEBS-g-MA in the

rubber phase where aw isabout 1 mm. The fracture energy for specimens which brokein a

brittle manner isin good agreement with the energy value calculated from G, analysis as
shown by broken linesintherangeof a/W £0.6, i.e., # >5mminFig. 7. For neat nylon

6, the data from specimens with ligament lengths less than 5 mm (a/W > 0.6) were not used
to determine the G, vaues; however, the calculated values are in good accord with
experimental data over the entire range of ligament lengthsas seenin Fig. 7. The EWF
model predicts constant specific fracture energy, i.e. u, = 0 and u, = constant, for brittle
fracture. The valuesfor neat nylon 6 were estimated asu, = 0, u, = 2.9 kJ/m?. Kudva
showed the same order but larger values (u, = 0, u, = 7.2 k¥m?) for neat nylon 6 [21]. For
brittle fracture, the specific fracture energy increases dightly at long ligament lengths.
Presdly observed similar trends for brittle fracture of nylon 6/ABS blends; thisincrease can

be explained by the non-linearity of the factor f with ligament length [29].
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Fig. 7 also shows fracture energies for ductile specimens as a function of ligament
length. Ductile fracture was observed for the specimens with ligament lengths less than
about 4 mm for EPR-based blends and about 6 mm for SEBS-based blends. Both ductile
and brittle fractures were observed in the range of ligament lengths from 3.5 to 6 mm for
10% SEBS-g-MA blend. These ductile fracture energies were analyzed by the EWF model
as shown by solid linesin Fig. 7. Both blend systems show similar values of u,. The value
of u, for the blend based on 10% SEBS-g-MA was dlightly larger than that for the blend
based on 25% EPR-g-MA. Scatter for blends with large rubber particles was greater than

that for blends with small rubber parti cles(awz 0.2 nm); the former is marginally tough and

unstable in the transition state and affected by crack position as described above.
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Fig. 8. Failure stress as afunction of normalized crack length (a/W ) for neat nylon 6
and blends of 80% nylon 6 and 20% total rubber: (a) blends where the average rubber

particle diameter is about 0.2 mm and (b) neat nylon 6 and blends where the rubber

particlesizeis1 nm. Thesolid lineis calculated from the yield stress model, while the
broken lineis calculated using the K, . model.
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3. 4. 3. 2 Stress analysis
Thefailure stress, calculated from the peak |oad of the load-deflection data, is

analyzed by either theyield stress, s, model or plane-strain critical stress intensity factor,

yl
K e model according to the fracture mode as described above. The modelsfor s, and K.

are fitted to the failure stress measurements using non-linear regression.

Figs. 8(a) and 8(b) show the failure stress as a function of a/W for the blends with
small and large rubber particles, respectively. All samplesfor both blend systems with c_jw =
0.2 mm (based on 100% EPR-g-MA and 25% SEBS-g-MA in the rubber phase) failedina

ductile manner and were analyzed viathe yield stress model using Eq. (7) asseenin Fig.
8(a). Theyield stress model represents the ductile stresswell. The values of yield stress

were derived from the intercept in Fig. 8(a) and are summarized in Table4. Thevalueof s,
for the 25% SEBS-based blendsis 112 MPawhich islarger than that for the 100% EPR-
based blends (96.5 MPa) at d,, = 0.2 nm. Pressly reported similar s, values for the

compatibilized nylon 6/ABS blends: s, for nylon 6/ABS/IA (55/40/5) blendsis 86 MPaand

that for nylon 6/ABS/I1A (70/25/5) blendsis 88 MPa at room temperature [29]. Oshinski
showed similar trends in Instron measurements of the yield stress for nylon 6/SEBS-g-MA

and nylon 6/EPR-g-MA blends: the s, from Instron measurements for 25% SEBS-g-MA

blend is50.3 MPaand is higher than that for 100% EPR-g-MA blend which is about 44.0
MPa[37]. Thesevauesare half of the dynamic values observed in this paper. Theyield
stressin this study is expected to be larger than that in asmple tensile test at low speeds
based on tensile data reported at high-speeds [26].

Fig. 8(b) shows failure stress as a function of a/W for neat nylon 6 and the blends
containing large rubber particles ( aw =1 mm), which is based on 10% SEBS-g-MA and

25% EPR-g-MA in the rubber phase. The ductile specimens ranged in a/W from about 0.55

to 0.85 for the 10% SEBS-g-MA blends and from about 0.65 to 0.90 for the 25% EPR-g-
MA blends. The ductile behavior was analyzed using the yield stress model. Unexpectedly,

thes, for the latter blendsislarger than that for the former blends as seenin Table 4,
although the values of failure stress for both blends are not clearly different as seen in Fig.
8(b). Inthis case, the higher range of a/W would result in higher s, in the 25% EPR-gMA

blends, while the failure stress at a/W = 1 should be zero.
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TheK,. model wasfitted to brittle fracture stresswhen a/W £ 0.6 for pure nylon 6,
10% SEBS-g-MA blend and 25% EPR-g-MA blend as indicated by the broken linein Fig.
8(b). The K,. model well represents the brittle stress data with the K. values from this
analysis summarized in Table 4. TheK . for neat nylon 6 in this study is 1.7 MPam"2,
Typical K. values for polyamides are between 2.5 and 3.0 MPam"? [27][34]. Note that the
K, valuesfor the both blend systems are larger than that for pure nylon 6. However, both
blend systems give similar K. indicating, again, an independence of rubber type.

It is suggested that brittle fracture occurs at long ligaments, i.e., short cracks,
because the failure stress determined by K. is smaller than the ductile failure stress

controlled by s, in thisligament length range. On the other hand, the ductile fracture occurs

at long ligament length because the ductile failure stressgiven by s, is smaller than the brittle

failure stress expressed by K ..

3. 4. 4 Effect of rubber particle size on fracture parameters
The effects of rubber particle size on fracture parameters are discussed below. Fig.
9(a) shows the effect of rubber particle size on K, for the blends based on both maleated

EPR and SEBS rubbers which have rubber particleswith d,, > 0.7 nm; the blendswith d,,

< 0.7 nm did not show brittle fracture at any ligament lengths, so K. values could not be

obtained. The datafor neat nylon 6 is shown by the dotted line. For large rubber particles,
K . for the blendsis similar to that for pure nylon 6 (1.7 MPam"?). For the EPR-based
blends, K increases from 2.7 to 5.3 MPam"? as the rubber particle size is reduced from

1.5t0 0.75 mm. For EPR-based blends having d,, = 0.75 nm, K. is about three times

larger than that for neat nylon 6. Both EPR-based blends and SEBS-based blends show
smilar trends. Thisincreasein K. indicates an increase of toughness as the rubber particle
sizeis reduced.
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Fig. 9. Fracture parameters as a function of rubber particle diameter for neat nylon 6 and
blends of 80% nylon 6 and 20% total rubber: (a) K,. and (b) G,..

Table 4 shows yield stress values obtained from analysis of fracture stress data for
ductile fracture as described above. Theyield stresses for both blend systems decrease with
increasing amount of maleated rubber. Thistrend corresponds to smaller particles, higher
amounts of grafting and reduced crystalinity [37]. The number of data points exhibiting
ductile failure for the blends containing less than 12.5% EPR-g-MA in the rubber phaseis
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not enough to justify the yield stress analysis shown in Fig. 3, so that the yield stress for
such brittle blends was estimated by linear extrapolation of the relation between s, and d,;

the estimated s, values for EPR-based blends are 131 and 134 MPafor 12.5 and 0% EPR-g-
MA blends, respectively.

0.20 2% of Maximum Crack Length ' E
i ~ l
r
0.15 F EPR-g-MA/EPR N -
€
E
~>0.10 | -
0.05 1 7
O 1 1 " 1
0 0.5 1.0 15 2.0

Fig. 10. Plastic-zone size for plane-strain conditions as a function of rubber particle
diameter for the EPR-based blends (@) and the SEBS-based blends (O). The values of
2% of minimum and maximum crack lengths of the specimens which fracture ina
brittle manner for the EPR-based blends (— — — and —.—. ) and for the SEBS-based
blends (D and N) are indicated.

From the relationship for K, and s, with rubber particle size described above, it is
clear that the size criterion for plane-strain conditions, expressed by Eq. (15) increases with
decreasing aw, i.e., increasing K . and decreasing s, as seen in Fig. 3. Both thickness and

ligament length for the brittle fracture specimens are greater than the required size for plane-
strain conditions. The right-hand side of Eqg. (15) suggests that the required size isrelated to
the plastic-zone size for plane-strain conditions, r,,, given by the following equation [39]:

.2

1 %&,.0
== ¢S
& &s,

Fig. 10 showsr, asafunction of d,, for both blend systems. The r, increases from 0.025 to

(16)

0.12 mm as d,, decreases from 1.5 to 0.75 mm for the EPR-based blends. Fig. 10 also
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indicates the values of 2% of minimum and maximum crack lengths of the specimens which
fracturein abrittle manner. If plane-strain conditions are met, the plastic zone size should be
less than 2% of the minimum crack length [40]. The 2% of minimum crack lengths for the

EPR-based blends at d,, = 1.39 and 1.5 nm are larger than the r, values; therefore, the

specimens fracture in plane-strain conditions and the measured K . values are considered to
be valid material properties. However, the 2% of crack lengths for the EPR-based blends

and the SEBS-based blends at aW =1 mm are partialy larger than ther, values: some
specimens in this regime did not fracture under plane-strain conditions. Whereas, ther,

value for the EPR-based blends at d,, = 0.75 nm s larger than the 2% of maximum crack

length; the brittle fracture for the EPR-based blends at d,, = 0.75 nm does not clearly occur

under plane-strain conditions. However, it is suggested that the ductile-to-brittle transition
with respect to the ligament length corresponds to the size criterion for plane-strain
conditions.

Fig. 9 (b) showsthe G, values asafunction of d,.. Similar trends are seen between
G,. and d, asobserved for K .. For large rubber particles, the blends have similar G, as
pure nylon 6. For EPR-based blends, G, increases from 8.7 to 38.4 kJ/m 2 as d,, decreases
from 1.50 to 0.75 nm. Values of G, for EPR-based blends at d,, = 0.75 mm are about ten
times larger than that for pure nylon 6. SEBS-based blends show asimilar trend of G,
increasing with decreasing d,,. Both blend systemsindicate similar G, valueswhen d,, is

about 1 nm as described above.

From the relation between the fracture parameters (K, and G,.) and d,,, it is
suggested that as the rubber particles become smaller, there is more deformation around the
crack tip before the initiation of crack extension can occur, so that the fracture energy
increases. However, there seems no difference in the fracture parameters between both
blend systems.
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Fig. 11. Relation between G, and K, * for neat nylon 6 and the blends of 80% nylon 6
and 20% total rubber based on EPR-g-MA/EPR and SEBS-g-MA/SEBS mixtures.

Fig. 11 shows alinear relation between G, and K, .* as expected from Eq. (14) with
all materials studied more or less conforming to the same relationship. The linear relation

between G, and K, .2 was observed for the EPR-based blends where d,, isless than 0.75
nm. Thislinear relation implies that the tensile modulus is constant for the EPR-based

blends. It isalso noted that the plots for SEBS-based blends and neat nylon 6 are close to
the line for the EPR-based blends. The tensile modulus estimated from the slope of the line

assumingn=0.31s0.65 GPa. It isdifficult to measure the tensile modulus under the

testing conditions in thiswork, however, the tensile modulus measured by Instron at slow
speed (5.08 cm/min) is 1.75 GPafor blends of nylon 6/EPR-g-MA (80/20) [37]. The
modulus from the slope of Fig. 11 is about 30% of the Instron modulus. This discrepancy
cannot be explained by rate effects but might be related to deviations from pure linear elastic
behavior and specimen compliance [29][38].

The effects of rubber particle size on the EWF parameters (u, and u,) are shown in
Fig. 12. Asseenin Fig. 12(a), for EPR-based blends, u, generally increases with

increasing d,, intherange of d, <1 mm. Thetrend issimilar for SEBS-based blends but
the absolute values of u, are generally smaller than those for EPR-based blends by about 5 to

10 k¥m?. Fig. 12(b) shows u, asafunction of d,,, and somewhat similar trends are seen
for the EPR-based blends and SEBS-based blends. There seems to be amaximum inu, in
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the range of d,, between about 0.2 to 0.4 nm. This maximum in u, corresponds to the

maximum in 1zod impact strength seen in Fig. 1. The maximum value of u, for SEBS-based
blendsis 2.5 times larger than that for EPR-based blends. Laura showed similar trends for

the relation between the EWF parametersand d,, [32].

The limiting specific fracture energy, u,, for EPR-based blends was higher than that
for SEBS-based blends, while the dissipative energy density, u,, for the latter was larger
than that for the former. The parameter u, isthe energy per unit areafor crack initiation and
propagation, whileu, is the energy per unit volume for plastic deformation. It is suggested
that SEBS-based blends show more extensive plastic deformation than EPR-based blendsin
ductile fracture, while the energy for crack propagation for the former is smaller than that for
the latter. It issuggested that the superior toughness of SEBS-based blends compared to
EPR-based blendsis caused from larger amount of plastic deformation.

The difference in EWF parameters between two blend systems could be explained by
structure-property relations for the rubber phase. A possible explanation is as follows.
Bucknall showed that the critical volume strain at cavitation decreases with decreasing
modulus of rubber particle at fixed rubber particle diameter [41]. Therefore, the EPR-based
blends would indicate lower critical volume strain at cavitation than the SEBS-based blends,
because the modulus of EPR-based rubber particleis lower than that of SEBS particle and
the latter are effectively crossinked by the polystyrene microdomains. Asaresult, cavitation
and shear yielding in the vicinity of crack tip would occur more easily for the EPR-based
blends than the SEBS-based blends, so that u, for EPR-based blendsis higher than that for
SEBS-based blends.

On the other hand, it is suggested that the yield zone expands outwards more for the
SEBS-based blends than for the EPR-based blends based on comparison of the u, values.
This could be explained by load bearing structures of rubber particlewhich has been reported
for high-impact polystyrene (HIPS) [42]. SEBS-based rubber particles should show strain-
hardening based on its phase structure composed of rigid polystyrene and soft elastomer
phases, which are similar to subinclusion structures (rigid core, inner rubbery phase, outer
shell) observed in the salami rubber particles of HIPS. It is suggested that rubber fibrils
connected between the core (polystyrene phase) and the outer shell (interface) would be able
to stretch, expand and stabilize the SEBS-based rubber particle as seen in the fracture
process of HIPS. The EPR-based rubber would be easy to cavitate because of lower
modulus; however, the cavity in the EPR-based rubber particleis easy to break up compared
to the SEBS-based rubber. Thus, shear yield zone would not expand as much for the EPR-
based blends compared to the SEBS-based blends.
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3. 5 Conclusions
The effects of rubber type, rubber particle size and ligament length on the fracture
behavior for blends of nylon 6 with maleated rubber were examined using instrumented

Dynatup test in a SEN3PB configuration. It was found that for blends where the rubber

particlesare smaler than 0.7 mm fracturein a ductile manner over the whole range of

ligament lengths while blends with particles larger than 0.7 mm show a ductile-to-brittle

transition with ligament length. In thisregime, ductile fracture was observed for specimens
with short ligaments while brittle fracture was seen for those with long ligaments. The
transition ligament length seems to be independent of rubber type but depends on rubber

particle size.

The ductile fracture behavior was andyzed using the essential work of fracture
(EWF) model. The limiting specific fracture energy, u,, for EPR-based blends was higher
than that for SEBS-based blends, while the dissipative energy density, u,, for the latter was
larger than that for the former. The energy required for crack initiation for ductile fractureis
lower for the EPR-based blends than the SEBS-based blends, while the energy for crack
propagation is larger than the SEBS-based blends. Larger fracture energies for the SEBS-
based blends than the EPR-based blends can be explained by larger u, of the SEBS-based

blends.

The critical strain energy releaserate, G,, and the plane-strain critical stress intensity
factor, K,., were obtained from the brittle fracture behavior. Both fracture parameters
increase with decreasing the rubber particle size for either blend systems. The G,. and K,
parameters have similar values regardless of rubber type when the rubber particle sizeis

fixed. It was shown that fracture mode is governed by the relative levels of failure stresses

given by either K . or s,. On the other hand, the transition ligament Iength, which increases

with decreasing rubber particle size, was found to be near the size criterion for plane-strain

conditions for both blend systems. These results suggest that the brittle fracture would
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occur when plane-strain conditions are developed and the fracture stress is governed by K.
It is also suggested that the ductile-to-brittle transition with respect to the ligament length
corresponds to the size criterion for plane-strain conditions based on the fracture mechanics

parameters.
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Chapter 4
Nylon 6 as a modifier for maleated ethylene-propylene elastomers

4.1 Introduction
A wide range of polymeric materials with elastomeric properties that can be fabricated
by melt processing procedures used for thermoplastics, known as thermoplastic elastomers

(TPE), have achieved significant commercial importance over the last 20 years or morel.
One approach to formation of such materialsis block copolymerization, where soft and hard
segments are appropriately arranged to obtain desirable mechanical behavior; important
examples of this typeinclude triblock structures containing styrene/diene 3 segments
formed by anionic polymerization and segmented copolymers based on polyester4-6 or

polyurethane’-13 condensation polymerizations. Another approach involves melt blending of

rubbery materials with rigid thermoplastics ®: 6. 8, 13-18 . Thermoplastic el astomers, whether
based block copolymers or blends, must contain two polymeric phases that have widely
different softening temperatures so that at use temperatures, one phase is rubbery and the

other is either glassy or crystalline3, 9, 10, 14-16, 19, 20,

In amelt blending approach, it is feasible to use chemical reactivity of the component
polymers to achieve TPE materials with controlled morphology and chemical bonding
between the matrix and the dispersed phases. Rubber toughening of polyamides with

mal eated €l astomers may serve as amodel for this approach?1-23, In such blends, reaction
of the polyamide amine end groups with the grafted maleic anhydride leads to polyamide-
rubber graft copolymer viaimide linkages which enable the formation of rubber particles of

about 0.1 to 0.5 nm in diameter dispersed in the polyamide matrix 24-29, Control of

morphology (particle size or interparticle distance) is key to super tough, rigid materias. By
varying the ratio of maleated rubber to polyamide, it should be possible to make fine
polyamide particles dispersed in arubbery matrix. When stressed, the rigid particles should
provide some degree of resistance to flow or creep of the elastomer matrix (or physical
crossinking) due to the chemical bonding of these particles to the matrix; such mixtures
should approximate TPE behavior since above the polyamide melting point melt processing
should also be possible. Within the limits of phase inversion it should be possible to control
the stiffness or hardness of such blends by the elastomer/polyamide ratio.
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Tablel Materiasused in thiswork

Polymer Commercia Characterization ® Molecular weight*  Brabender torque”® Source
designation (Nem)
Nylon 6 Capron 8207F End-group content: M =22,000 54 AlliedSignal Inc.
[NH,] =479 meqg”
[COOH] =43.0meq g*
Nylon 6 Ultramide BO End-group content: Mn=13,200 2.0 BASF Corp.
[NH,] =74.2 meq g*
[COOH] =77.0meq g*
EPR-g-MA Exxelor 1803 43 wt% ethylene Not available 8.2 Exxon Chemical Co.
53 wt% propylene
1.14 wt% MA
“Ref. [27].

® Torque value taken after 10 minutes at 240 °C and 60 rpm.
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Table2 The physical properties and particle size of EPR-g-MA/nylon 6 blends

% Nylon 6 Hardness Modulusat Tensle Elongation  Set after T,(°C) dyy dy/dn
(Shore A) 50% strength®  at break @ break ®
elongation (MPa) (%) (%) (mm)
(MPa)

0 48 0.27 0.28 380 42.3 -38.5 - -

5 49 0.33 0.36 260 24.3 -36.4 0.14 1.27
10 50 0.37 0.41 260 21.2 -35.7 0.17 1.28
15 53 0.47 0.53 220 19.8 -35.3 0.19 1.30
20 55 0.57 0.69 200 18.5 -35.1 0.23 1.43
30 68 1.07 1.20 130 7.2 -35.1 0.23 1.42
40 83 N/A 6.23 30 4.5 -34.3 0.30 1.50

aExtension rate = 12.7 cm/min



The morphology and structure-property relationships for thermoplastic elastomers

prepared by this approach have been reported by R. C. Thamm et a.30, based on graft
copolymers of polypivalolactone and ethylene/propylene/diene monomer, EPDM,

terpolymers. Burlett et al.31-33 have also reported on elastomer-based alloys with
thermoplastic polymers formed viareactive processing. This chapter explores the use of the
amine-anhydride reaction to produce TPE materials by melt blending nylon 6 with ethylene-
propylene rubber grafted with maleic anhydride, EPR-g-MA. The morphology and the
mechanical properties of such blends where nylon 6 is the dispersed phase are described
here.

4.2 Experimental

Table 1 describes materials used in this study. The rubber type isacommercially
available random ethylene/propylene copolymer grafted with maleic anhydride (EPR-g-MA)
from Exxon Chemicals designated as Exxelor 1803. This rubber was blended with the

nylon 6, Capron 8207F from AlliedSignal, with a medium molecular weight (mn:ZZOOO)

having balanced acid and amine end groups. A low molecular weight nylon 6 (Vn:13200)
with equal acid and amine end groups, Ultramid BO, an experimental material from BASF,
was hydrolyzed by two extrusion passes through the single screw extruder at 300°C and 10
rpm without prior drying to reduce its molecular weight and to increase its reactivity. An
antioxidant, Irganox 1076, at the level of 0.2 wt% in the EPR-g-MA rubber was used in the
blends.

Rheological properties were measured using a Brabender Plasticorder with a50 cm®
mixing head and standard rotors operated at 240°C and 60 rpm. Torque was recorded
continuously, as afunction of mixing time.

The materials were dried before melt blending in a vacuum oven for aminimum of 16
h at 60°C for EPR-g-MA and at 80°C for nylon 6. Blends were prepared by vigorousy
mixing all components together and extruding twice at 240°C and 40 rpm in aKillion single
screw extruder (L/D = 30, D = 2.54 cm) outfitted with an intensive mixing head. The blends
were injection molded into tensile bars (ASTM D638 TypeI) by an Arburg Allrounder
Injection molding machine.

Shore A hardness was measured with a Pacific Transducer durometer according to
ASTM D2240. Stress-strain properties were measured at room temperature by an Instron
Testing Machine according to ASTM D412 (1980) using a cross-head speed of from 5.08
cm/min to 50.8 cm/min. The permanent set after break was determined at 10 min after
failure of tensile specimens. The hysteresis ratio was calculated from the area between the
loading and unloading curve at a cross-head speed of 12.7 cm/min. The Y oung’s modulus
was measured from the initial Sope of the stress-strain curve at a cross-head speed of 5.08
cm/min.
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The dynamic mechanica properties were determined by a Polymer Laboratories
DMTA at afrequency of 30 Hz. The temperature range of those measurements was from -
100 to 100°C at a heating rate of 3 °C/min.

The morphology of the blends was observed by a JEOL 200 CX transmission
electron microscope (TEM) using ultra-thin sections (10 to 20 nm) cryogenically microtomed
at -50°C perpendicular to the flow direction of injection molded bars. The nylon 6 phase was
stained by exposure of the thin sections to a 2% agueous solution of phosphotungstic acid,
PTA, for 30 min at room temperature. The TEM was operated at an accelerating voltage of
120 kV. Nylon 6 particle size was determined by a semi-automatic digital analysistechnique
using IMAGE® software from the National Institutes of Health.

Brabender Torque at 240°C, 60rpm
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Fig. 1. Brabender torque response at 240°C and 60 rpm for nylon 6, EPR-g-MA and
80% EPR-g-MA / 20% nylon 6 blend.

4.3 Morphology

The grafting of nylon 6 to EPR-g-MA causes changes in rheological behavior which
can be monitored during melt blending in a Brabender mixer. Fig. 1 showsthat while nylon
6 and EPR-g-MA have rdatively similar melt viscosities at 240°C, the 80/20 blend of EPR-g-
MA/nylon 6 develops atorque of more than twice that of the individual blend components.
It is apparent that the reaction between the two componentsis very rapid, since the high
torque of the blend is established early in the experiment while the charge to the Brabender
begins to be heated and fluxed.
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The graft copolymer formed in situ by the reaction of the nylon 6 amine end groups
with maleic anhydride in EPR-g-MA acts as a compatibilizer that leadsto avery fine
dispersion of the nylon 6 phase in the rubber matrix largely by limiting the frequency of
particle-particle coalescence. In addition, the presence of the rubber/polyamide graft
copolymer at the domain interfaces results in chemical bonding of the nylon 6 particlesto the
rubber matrix. The result should be a material with stable morphology and good adhesion

between the hard and soft phases34-36,

Fig. 2.TEM photomicrographs of blends of X% nylon 6 and (100-x)% EPR-g-
MA: (a) x =5, (b) x = 10, (c) x = 20, (d) x = 30, (€) x = 40, and (f) x = 50%.
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Fig. 2 shows the morphology of blends containing 5 to 50% nylon 6 in EPR-g-MA.
The samples for microscopy were taken from the center of injection molded test bars across
the flow direction. The nylon 6 particle size and size distribution are shown in Table 2 and
Fig. 3. Someincreasein particle sizeis noted as the nylon 6 content isincreased from 5 to
30%. At 40% nylon 6, the polyamide particles are elongated with evidence of co-continuity
of the phases; at 50% nylon 6 thisis more obvious. At 60% nylon 6, the phaseinversion is
complete and EPR-g-MA is now the dispersed phase within the nylon 6 matrix.

(100-x)% EPR-g-MA + x% Nylon 6
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Fig. 3. Effect of nylon 6 content on weight and number average nylon 6 particle diameter
for blends of (100-x)% EPR-g-MA and x% nylon 6.
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(100-x)% EPR-g-MA + x% Nylon 6
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Fig. 4. Effect of nylon 6 content on Shore A hardness for blends of (100-x)%
EPR-g-MA and x% nylon 6.

(100-x)% EPR-g-MA + x% Nylon 6

1.4 TrrrJrrrrrrrrrrrrrr e
Extension Rate = 12.7 cm/min

1.2

St%ss (@Pa) R

o
N

5%

0%

O
N

PO [ TN T TR T TN T TN S NN ST T ST T [N TN TN T T T TN T NN T T U T T T N T S T
0] 50 100 150 200 250 300 350 400
Strain (%)

Fig. 5.Stress-strain properties for blends of (100-x)% EPR-g-MA and x% nylon 6.
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80% EPR-g-MA + 20% Nylon 6

1 T

Stress (MPa)
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Strain (%)
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Fig. 6. Stress-strain diagrams for blends of 80% EPR-g-MA and 20% nylon 6 at

various extension rates.

4.4 Mechanical properties

The Shore A hardness of these blends increases steadily with nylon 6 content, as

seenin Fig. 4. Theincrease is rather modest up to 16.5 vol% (20 wt%) of nylon 6 and then

becomes more dramatic.
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(100-x)% EPR-g-MA + x% Nylon 6
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Fig. 7.Effect of nylon 6 content on the secant modulus (50% elongation) at various
extension rates for blends of (100-x)% EPR-g-MA and x% nylon 6.

Typical stress-strain curves for the blends are shown in Fig. 5; selected properties are
summarized in Table 2. These results were obtained at a cross-head speed of 12.7 cm/min;
results for other testing speeds from 5 to 51 cm/min are shown in Fig. 6 for ablend
containing 20% nylon 6. These dataindicate an increase in the peak stress of about 30% and
ashift in the stress peak to adightly lower extension (from about 120 to 100%) as the rate of
extension isincreased from 5 to 51 cm/min. The two highest extension rates give rise to the
highest failure elongations. Fig. 7 shows that for al blends the modulus increases
noticeably as the testing speed increases.
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80% EPR-g-MA + 20% Nylon 6
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Fig. 8. Cyclic stress-strain behavior for blends of 80% EPR-g-MA and 20% nylon 6.

Commercial TPEs
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Fig. 9. Stress-strain properties for three commercial TPE materials.



Table3  Thephysica properties and particle size of EPR-g-MA/nylon 6 blends

Composition Hardness Modulusat Maximum Elongation  Setafter  Hysteresis dyy T,
(Shore A) 50% strength®  at break ® break ® loss® (mm) °O)
elongation ? (MPa) (%) (%) (%)
(MPa)

100% EPR-g-MA 48 0.27 0.28 380 42.3 66.4 - -38.5
80% EPR-g-MA + 55 0.57 0.69 200 185 65.4 0.23 -35.1
20% nylon 6

80% EPR-g-MA + 55 0.63 0.84 190 17.9 66.0 0.15 -35.8
20% hydrolyzed nylon 6

78.8% EPR-g-MA + 20% 60 1.40 1.79 140 6.5 64.5 0.12 -34.5

nylon 6 + 1.2% MgO

aExtension rate = 12.7 cm/min
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Table4 Conditions for nylon 6 hydrolysisin asingle screw extruder and resulting Brabender torque data

Materia Conditions of raw nylon 6 before extrusion Extrusion Extruder Torque after Mn
Form of nylon Drying temperature (rpm) 10 min (Nem)
C)
Capron 8207F* Granules Yes - - 54 22000
Ultramide BO* Granules Yes - - 2.0 13200
Ultramide BO® Powder No 300 10 1.3 11000°

®Pellets dried before Brabender experiment.
> Water content = 4.2 wt%.
¢ Molecular weight value estimated from Brabender torque/molecular weight relationship [27].
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The hysteresisloss, H, is given by
H=(W-W,)/W

where W isthe area under thefirst loading curve up to aparticular strain (100%) and W, is

the corresponding area under the unloading curve3’. The hysteresis behavior for a
maximum strain of 100% strain is shown in Fig. 8 for an 80/20 EPR-g-MA/nylon 6 blend.
The calculated hysteresis losses for this and other blends are givenin Table 3. A hysteresis
loss of 66% was determined for EPR-g-MA without any nylon 6 additive; incorporation of
20% nylon 6 does not significantly alter this measure of the mechanical |oss process under
the conditions used in this work.

Permanent set after break was found to be more or less independent of testing speed.
Asseenin Table 2, the addition of even small amounts of nylon 6 reduces the permanent set;
it is substantially constant at about 20% for compositions containing 5-20% nylon 6 but
drops to quite low levels for blends containing 30-40% nylon 6.

Fig. 9 showstypica stress-strain curves for three commercial TPE materias; a
styrene-butadiene-styrene triblock, SBS (Kraton D1101), a styrene-hydrogenated butadiene-
styrene triblock, SEBS (Kraton G1652) and a dynamically vul canized
polypropylene/ethylene-propylene rubber blend, Santoprene, having Shore A hardness
values of 79, 71 and 55, respectively. Kraton G1652 shows ayield point at 10% elongation
and adrawing process from 20% to 200% elongation. From 200% elongation to fracture,

significant work hardening is observed?0. 38, The other material's showed no yield point, but
asteady increase in stress before fracture. Both SBS and SEBS materials exhibit higher
tensile strength than the Santoprene material. As seen from Table 2, these commercial TPE
materials have higher Shore A hardness values than the typical 20% nylon 6 and 80% EPR-
g-MA blends examined in this study.

As seen from comparison of stress-strain properties of the commercial TPE materials
with the various blends of EPR-g-MA and nylon 6 (see Figs. 5 and 9), the latter have lower
strength and exhibit stress softening which was not seen for any of the commercial TPE
materials. Compared to the hard phasesin triblock copolymer or dynamically vul canized
TPE materials, the nylon 6 phase is much less effective for reinforcing (stiffen or strengthen)
the EPR-g-MA matrix or providing effective crosdinking to retard its viscoel astic relaxation
during stress-strain testing.
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Fig. 10. TEM photomicrographsfor: (a) blends of 80% EPR-g-MA and 20%
hydrolyzed nylon 6; (b) blend of 78.8% EPR-g-MA and 20% nylon 6 containing
1.2% MgO, stained with phosphotungstic acid and (c) without staining.

Such behavior should be improved by having a greater number of chemical
attachments between EPR-g-MA and nylon 6, and this can be achieved, in principle, by

using alower molecular weight of nylon 639. Calculations show that two nylon 6 grafts per

EPR-g-MA molecule would be theoretically possible when the ﬁn of nylon 6 isless than
7000. Thereisno convenient source of such low molecular weight nylon 6 materials, so
another approach was attempted. Ultramide BO is avery low molecular weght nylon 6 but
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its M , Isabout twice the target value; one hydrolysis reaction per chain of this polymer
should produce the desired level of amine functionality. In an attempt to obtain such alow

M , hylon 6, Ultramide BO containing approximately 4.2% water was extruded twice at

300°C through a single screw extruder to effect hydrolysis 39-44, As seen in Table 4, this
procedure does lead to reduction of the nylon 6 molecular weight but not fully to the target
value. Blends of this very low molecular weight nylon 6, produced by hydrolysis, with
EPR-g-MA were prepared. These blends have a significantly reduced dispersed phase

particle size (0.15 versus 0.23 nm for blends based on Capron 8207F); see Fig. 10. As

seen in Fig. 11, blends based on the hydrolyzed nylon 6 do have somewhat improved tensile
properties; however, their properties are still far below those of the other TPE materials
whose stress-strain characteristics are shown in Fig. 9.

80% EPR-g-MA + 20% Nylon 6
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Fig. 11. Stress-strain curvesfor variousindividua samples of 80% EPR-g-MA
and 20% nylon 6 blends showing difference between standard (open symbols) and
hydrolyzed (solid symbols) nylon 6.

The addition of magnesium oxide to these blends was examined as another means to
improve their mechanical performance. It has been reported that the addition of a small
amount of MgO is effective for crosslinking in methacrylic acid containing elastomers [45,
46]. Because of the carboxylic acid end-groups in nylon 6 and possibly some free acid
groups in EPR-g-MA, this approach was considered to be potentially useful for improving
the tensile properties of these blends.
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80% EPR-g-MA + (20-x)% Nylon 6 + x% MgO
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Fig. 12. Brabender torque response for blends of 80% EPR-g-MA and (20-x)%
nylon 6 containing x% MgO.

Fig. 10(b) shows the effect of 1.2% MgO on the 80/20 EPR-g-MA/nylon 6 blend.
Addition of MgO clearly contributes to reducing the particle size of nylon 6 domains (see
Table 3) as found with the use of the hydrolyzed nylon 6. In Fig. 10(c), non-stained TEM
photomicrographs show very small particles of MgO in this blend.

Fig. 12 shows that addition of MgO increases the melt viscosity of these blends as
indicated by Brabender torque rheometry. A maximum effect is achieved at aloading level
of 2% which givesrise to amost atwo-fold increase in torque at 10 min. Torque rheometer
datain Fig. 13 indicate that the addition of MgO to the other components of these blends
shows no significant effect. Fig. 13(a) shows that the addition of MgO to the unmal eated
EPR and its blend with nylon 6 has no effect on the torque response. Also, the effect of
MgO on the blends with both of the elastomer components, i.e. EPR and EPR-g-MA is
negligible (Fig. 13(b)). Thelack of torque increases when MgO is added to EPR-g-MA is
rather surprising in light of the data shown in Fig. 12. It implies the presence of some
chemical synergism when the three principal blend components are melt blended together.
No further explanation for this effect can be given at thistime. Asseenin Fig. 13(c), there
Is no effect on the torque response when MgO is melt blended with nylon 6. The fact that a
torque increase is not seen on the addition of MgO to either EPR-g-MA or nylon 6 may be
due to the relative absence of water in these experiments or some presence of trace of
moisture in the ternary blends that do show atorque increase.
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Fig. 13. Brabender torque response for: (a) blends of non-maleated EPR and
nylon 6 with and without MgO; (b) mixtures of non-maleated EPR with MgO and
EPR-g-MA with MgO; and (c) mixtures of nylon 6 and MgO.

The addition of small amounts of magnesium oxide to the blends causes significant
improvement in tensile properties, as seen in Fig. 14. The maximum stress at 100% strain
for the blend with 1.2% by weight MgO is more than twice that of the corresponding blend
without MgO. However, the strength is still significantly less than that of Kraton and
Santoprene materials, and there is no work hardening before ultimate fracture. Itis
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(100-x-y)% EPR-g-MA + x% Nylon 6 + y% MgO
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Fig. 14. Stress-strain propertiesfor blends of (100-x-y)% EPR-g-MA/x% nylon
6/y% MgO.
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Fig. 15. Cyclic stress-strain behavior of blends of 78.8% EPR-g-MA, 20% nylon
6 and 1.2% MgO.
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(100-x)% EPR-g-MA + x% Nylon 6
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Fig. 16. Dynamic storage modulus for blends of (100-x)% EPR-g-MA and x%
nylon 6.
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Fig. 17. Tand curvesfor blends of (100-x)% EPR-g-MA and x% nylon 6.

100



suggested that the smaller nylon 6 particle size in these blends is caused by the increase of
melt viscosity resulting from the presence of MgO which may lead to more grafting of nylon
6 to the EPR-g-MA. Together, these effects give rise to the improvement of the tensile
properties of the blends of EPR-g-MA and nylon 6.

The hysteresisloss at a strain of 100% for the 78.8/20/1.2 EPR-g-MA/nylon 6/MgO
blendsis shownin Fig. 15 and Table 3. In spite of the increased stress caused by MgO, the
hysteresisloss is substantially the same at about 65% for both compositions.

4.5 Dynamic mechanical properties

Blends of EPR-g-MA with nylon 6 over the entire composition range were
characterized by measuring the dynamic mechanica properties at 30 Hz. The storage
modulus, E *, is shown as afunction of temperaturein Fig. 16; results for blends based on
the hydrolyzed nylon 6 and those containing MgO are substantially the same asfor the

standard EPR-g-MA/nylon 6 blends. Loss tangent, tan d, data are shown in Fig. 17. Two
interesting trends deserve mention. First, asthe nylon 6 content in the EPR-g-MA matrix
increases from O to 40%, there is a decrease in magnitude of the rubber tan d peak and a
small increase in the temperature where this peak occurs (see T, column in Table 2); over this
range the dispersed nylon 6 phase particle size increases from 0.14 to 0.30 mm. Second, for
compositions in the regions of phase inversion but where the rubber is the dispersed phase,

the rubber phase tan d peak ismoretypical of that for rubber toughened polymers such as

ABS?*7-50. |n styrene/acrylonitrile grafted polybutadiene rubbers the Tq of the grafted
rubber is lower than that of the ungrafted rubber. In the current blends, the rubber phase Tg
drops from -38 at 50% EPR-g-MA t0 -42°C at 30% EPR-g-MA. The rubber phase Tq peaks

for the blends based on the hydrolyzed nylon 6 and the blends containing MgO are almost
the same as those of the blends shown.

4.6 Modeling of modulus data

Experimenta values of the tensile modulus, E, from stress-strain testing at 5.08
cm/min (Fig. 18(a)) and the storage modulus, E *, from dynamic mechanical measurements
(Fig. 18(b)) are shown for blends encompassing the whole composition range. These data
represent compositions where there are nylon 6 particlesin the EPR-g-MA matrix,
continuing through the phase inversion to compositions where the EPR-g-MA particles are

dispersed in the nylon 6 matrix. Equations for composite materials by Kerner 51, Faucher

52, and Hill 33 were considered for modeling these experimental results. Additional
approaches for predicting e astic moduli for blends of hard and soft polymers phases have
been reported [54]. The self-consistent theory proposed by Hill appears to give the best
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representation of the current experimental data and is probably the most sound from a

mathematical point of view 54. This mode! has the form
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whereK isthe bulk modulusand G isthe shear modulus of the blend, while the
corresponding component elastic properties of each component have the appropriate
subscript and f ; isthe volume fraction of component i.

Standard relations of elastic theory are used to relate the tensile modulus, E;, to the
bulk, Kj, and shear, Gj, moduli of each component (or the blend) via Poisson's ratio, vj,
Ei E

3(1- 2n) and G o) @

Ki =

Poisson’ s ratio was assumed to be 0.49 for EPR-g-MA and 0.33 for nylon 655 andto bea
linear function of composition for the blends. The solid lines shown in Fig. 18(a) and (b)
were calculated using Hill’ stheory. Asit turns out, the calculated results for the blends are
guite insensitive to the assumption about the composition dependence of Poisson’ sratio.

Quite similar results were calculated by assuming n = 0.49 for al blends where the rubber is

in the continuous phase and n = 0.33 for al blends where nylon 6 is continuous phase. The

values for the dynamic storage modulus E * are essentially the same as those for tensile
modulus E measured in stress-strain tests when nylon 6 forms the matrix. However, the

values of E are noticeably smaller than the corresponding E ~ value 56 in blends where the
rubber phase isthe matrix. It isinteresting to note that the experimental points from the
dynamic measurements agree better with the calculated curve up to about 35 vol% of nylon 6
than those of the stress-strain measurements. This range corresponds to blends where nylon
6 isdispersed as discrete particles in EPR-g-MA. Beyond phase inversion, where rubber
particles are dispersed in the nylon 6 matrix, alarger deviation from the calculated valuesis
apparent in both measurements. The largest deviation in both cases occurs for compositions
in the phase inversion region. Asthis model does not consider the phase inversion issue,
there is no appropriate way to deal with the deviations of calculated modulus values from the
experimental onesin the phase inversion region.
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Fig. 18. Effect of nylon 6 content on: (a) Y oung’'s modulus, E, from stress-strain
measurement and (b) dynamic storage modulus, E *, for blends of (100-x) vol%
EPR-g-MA and x vol% nylon 6.

4.7 Conclusions
The morphology and physical properties of blends of nylon 6 and EPR-g-MA have
been examined. Asthe content of nylon 6 isincreased from 5 to 30%, the average size of

the dispersed nylon 6 particlesin the matrix of EPR-g-MA increased from 0.14 to 0.23 nm,

while the hardness, modulus and tensile strength of the blend increased. The observed
values of the modulus are in reasonable agreement with those predicted by atheoretical
model. Asthe content of nylon 6 isincreased from 30 to 50%, the physical properties of the
blends change rapidly, due to phase inversion, i.e., the polyamide becomes the continuous
phase with spherical, dispersed particles of EPR-g-MA.
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The blends with an EPR-g-MA continuous phase have lower strength than
commercial thermoplastic elastomers or TPE materials and show stress softening which
indicates that the nylon 6 phase does not strongly reinforce the EPR-g-MA matrix. The
blends based on a nylon 6 with reduced molecular weight made by a hydrolysis process
showed somewhat improved strength and a reduced nylon particle size. The addition of
magnesium oxide to these blends causes significant improvement in tensile properties. This
may be the result of the reduced particle size caused by the increase in melt viscosity or the
formation of ionic cluster type crosslinks.
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Chapter 5
M echanical properties of blends of maleated ethylene-propylene rubber and
nylon 6

5.1 Introduction

Thermoplastic elastomer (TPE) compositions prepared by mixing elastomers with
thermoplastics are of significant commercial interest [1-8]. Two polymeric phases where
one isrubbery and the other is either glassy or crystalline are an essentia feature of al
thermoplastic elastomers[9]. Morphology is akey factor affecting the mechanical properties
of TPE blends asin the case of block copolymers[10]. Typical commercial triblock
copolymers showing TPE behavior have polystyrene spheres, about 10 nm in diameter,
dispersed in amatrix of polybutadiene [11]. On the other hand certain block copolymers
(polyurethanes, polyesters, etc.) depend on a crystalline phase to act as thermally labile
crosslinks. The crystalline regions appear to be continuous and highly interconnected. A
morphology consisting of substantially continuous and interpenetrating crystalline and
amorphous domains has been proposed [12].

Physical blending of two existing polymers may result in dual-phase continuity and
phase inversion in the intermediate composition range [ 7, 8, 13-18]. An early example of a
commercial product with dual-phase continuity was reported for blends of polypropylene
and ethylene-propylene rubber (EPR) by Kresge et al [7]. These authors reported that
crystalinity in the ethylene-propylene copolymer phase arising from long ethylene sequences
can have profound effects on the mechanical behavior of the elastomer and its blends.
Baldwin and Ver Strate reviewed the relationship between copolymer composition and
crystallinity [19].

An attractive approach isto use chemical reactivity of the component polymersto
achieve TPE materias of controlled morphology with chemical bonding between the phases.
Blends of polyamides with maleated elastomers serve as a model for this approach. Blends
of nylon 6 and EPR-g-MA having a continuous elastomer phase were described previously
[20]. This chapter focuses on the complete composition range, including the region where
Interpenetrating networks may be formed, for blends of nylon 6 and EPR-g-MA. The
effects of compositions and crystallinity of EPR-g-MA on the morphological, thermal and
mechanical properties were investigated.
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Tablel Materias used in thiswork

Polymer Commercid Characterization ® Molecular weight #
designation

Brabender torque”
(Nem)

Source

Nylon 6 Capron 8207F End-group content:

[NH,] =479 meqg"
[COOH] =43.0 neq g*
H-EPR-g-MA  Exxelor 1801 43 wt% ethylene Not available
53 wt% propylene
1.21 wt% MA
Crystalline®
T,=47°C

Mn = 22,000

EPR-g-MA Exxelor 1803 43 wt% ethylene Not available
53 wt% propylene
1.14 wt% MA
Slightly crystalline®
T, =127°C

5.4

13.5

8.2

AlliedSignal Inc.

Exxon Chemical Co.

Exxon Chemical Co.

"Ref. [27].

® Torque value taken after 10 minutes at 240 °C and 60 rpm.
¢Information from supplier.
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Table2 Physical properties and morphology of nylon 6/maleated EPR blends

Rubber % Nylon6  Young's Yied Tensle Elongation Dispersed dy dy /dp,
modulus?® Stress @ strength ® at break @ phase
0
MP8)  py  (MP9) (%) o)

EPR-g-MA 0 1.62 0.21 0.15 380 - - -
20 3.65 0.70 0.55 180 Nylon 6 0.23 1.43
40 834 4.90 7.10 50 Nylon 6 0.30 150

50 361 15.7 22.7 190 - - -
60 1120 24.4 315 240 EPR-g-MA 0.22 1.39
80 2000 41.8 34.7 140 EPR-g-MA 0.24 1.47

100 2600 76.3 46.4 30 - - -

H-EPR-g-MA 0 1.36 2.39 4.80 540 - - -
20 31.0 5.70 5.70 130 Nylon 6 0.12 152
40 117 9.00 13.6 60 Nylon 6 0.31 3.71

50 407 18.9 313 230 - - -
60 629 27.4 34.9 230 H-EPR-g-MA 0.25 1.47
80 1280 40.2 35.8 210 H-EPR-g-MA 0.19 2.00

100 2600 76.3 46.4 30 - - -

2Extension rate = 5.08 cm/miin
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5.2 Experimental

Table 1 describes the materia s used in thiswork. Two commercialy available
ethylene/propylene copolymers grafted with maleic anhydride were obtained from Exxon
Chemical, Exxelor 1803 and 1801; the former is nearly free of crystallinity and is designated
here as EPR-g-MA while the latter has ahigher level of ethylene crystallinity and is
designated here as H-EPR-g-MA. These rubbers were blended with anylon 6 from

AlliedSignal, Capron 8207F, with a medium molecular weight (M» = 22,000) and balanced
acid and amine end groups. An antioxidant, Irganox 1076, was added to all blends at the
level of 0.2 wt% of the rubber phase. The materials were dried in avacuum oven for a
minimum of 16 hours at 60°C for EPR-g-MA and H-EPR-g-MA and at 80°C for nylon 6
before melt blending.

Rheological properties were measured in a Brabender Plasticorder with a50 cm®
mixing head and standard rotors operated at 240°C and 60 rpm: torque values were recorded
continuously during mixing of blends.

Blends were extruded twice at 240°C and 40 rpm using aKillion single screw
extruder (L/D =30, D = 2.54 cm) outfitted with an intensive mixing head after vigorously
mixing al components together. The blends were injection molded into tensile bars (ASTM

D638 Type) using an Arburg Allrounder injection molding machine. The molded

specimens were stored in a vacuum desiccator in order to prevent water sorption. Those
with defects and air bubbles were discarded.

Shore A hardness was examined with a Pacific Transducer durometer according to
ASTM D2240. Stress-strain properties were determined by an Instron according to ASTM
D412 (1980) at room temperature: the cross-head speed was varied from 5.08 cm/min to
50.8 cm/min. The permanent set after break was measured at 10 minutes after rupture of
tensile specimens. The Y oung's modulus was obtained from the initial slope of the stress-
strain curve at a cross-head speed of 5.08 cm/min. Standard deviation for tensile
measurements was typically less than 10%.

A Polymer Laboratories DMTA was used to measure dynamic mechanical properties
in cantilever mode at a medium frequency of 30 Hz from -100 to 100°C at a heating rate of
3 °C/min. Heats of fusion for the blends were measured by a differential scanning
calorimeter (Perkin-Elmer DSC-7) for specimens taken from injection-molded bars with a
scan rate of 20 °C/min. The heat of fusion of the nylon 6 or rubber phase was defined as the
area under the endothermic peak for first heating. The integration of the nylon 6 melting
peak was typicaly run from 190 to 225°C; the temperature limits for ethylene melting were
105 to 135°C for EPR-g-MA blends and 30 to 80°C for H-EPR-g-MA blends. The baseline

was subtracted for each measurement.
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A JEOL 200 CX transmission electron microscope (TEM) was used for morphology
observation at an accelerating voltage of 120 kV using ultra-thin sections cryogenically
microtomed at -50°C perpendicular and paralld to the flow direction of injection molded
bars. The nylon 6 phase was stained by a 2% agueous solution of phosphotungstic acid for
30 minutes at room temperature. Average particle sizes were determined using a semi-
automatic digital image analysis technique by IMAGE® software from the National Institutes
of Health.

5.3 Morphology

The morphology of blends of both EPR-g-MA and H-EPR-g-MA with nylon 6 was
evaluated over the entire composition range by transmission electron microscopy. In
general, the morphology showed similar trends for both blend systems, see Figure 1.
Discrete particles of the minor phase in amatrix of the major phase were observed at 20 and
80% nylon 6; particle sizes are summarized in Table 2. A tendency for co-continuity was
observed for the intermediate compositions as seen in the TEM photomicrographs for blends
containing 40 to 60% nylon 6 in Figure 1. An elongated nylon 6 phase was observed at
40% nylon 6; at 50% nylon 6 this was more obvious. For injection molded bars of the blend
containing 50% nylon 6, the rubber phase appears elongated in both perpendicular and
paralld directionsto the flow. At 60% nylon 6, phase inversion is complete and the rubber
exists as a dispersed phase within the nylon 6 matrix. The TEM observations show that the
phase inversion composition is about 50% nylon 6 for both rubber systems.

However, there are some morphological differences between EPR-g-MA and H-
EPR-g-MA in these blends. First, the nylon 6 particles are smaller when the rubber matrix is
H-EPR-g-MA than EPR-g-MA at 20% nylon 6. Thisis consistent with the higher melt
viscosity [16] of H-EPR-g-MA than EPR-g-MA. Second, the EPR-g-MA phase shows a
more elongated structure than H-EPR-g-MA for blends of intermediate composition: at 50%

rubber, smooth elongated rubber platelets of 0.1 to 1 mm in thickness and 6 nm in length for
EPR-g-MA were observed (Figure 1c); however, rubber phases with pointed shapes of 0.3
to 1 mm in width and 3 nmin length were found for H-EPR-g-MA (Figure 1d). The

comparable rubber phase size that ranges from 0.1 to 4 mm in width was observed in

continuous phase structure for ethylene-propylene rubber/polypropylene (70/30) blends by
Kresge [7].

For blendsin the inversion region, small particles were observed in the elongated

phase indicative of abimodal particle size distribution as noted in a paper by Kudvaet a
[21]. Thistype of composite droplet morphology where the dispersed phase contains
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droplets of the matrix phase was observed for polypropylene/polycarbonate blends by Favis
et al [18].
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Figure 1. TEM photomicrographs of blends of (100-x)% maleated EPR and x% nylon
6: (a) and (b) x =40, (c) and (d) x = 50, (e) and (f) x = 60; photomicrographs (a), (c) and
(e) arefor blends with EPR-g-MA; photomicrographs (b), (d) and (f) are for blends with H-

EPR-g-MA. All viewswere taken in the direction perpendicular to the flow for these
Injection molded compositions.
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Grafting of nylon 6 onto the maleated rubber during melt processing increases melt
viscosity which can be monitored by the torque response during melt mixing in a Brabender
[20]. While nylon 6 and EPR-g-MA have relatively similar melt viscosities at 240°C, their
blends have much higher torques asillustrated by the datain Figure 2; indeed, the 40/60
blend of EPR-g-MA/nylon 6 develops atorque of more than twice that of the individual
blend components. It is clear that the grafting of nylon 6 onto maleated rubber is very rapid,
since the high torque of the blend is observed early in the mixing process[20]. Thetorque
value for neat H-EPR-g-MA is higher than that for pure EPR-g-MA asseenin Table 1.

(100-x)% EPR-g-MA + x% Nylon 6

Torque after 10 min

20 40 60 80 100
% Nylon 6
Figure 2. Brabender torque after 10 minutes at 240°C and 60 rpm as afunction of nylon

6 content for blends of (100-x)% EPR-g-MA and x% nylon 6.
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Table3 Physical propertiesin the rubbery region of nylon 6/maleated EPR blends

Rubber % Nylon 6 Hardness (Shore A) Set after break #(%) T,(°C)
EPR-g-MA 0 48 48.8 -38.5
20 55 18.1 -35.1

40 83 3.0 -34.3

H-EPR-g-MA 0 80 126.5 -23.0
20 82 325 -19.1

40 98 20.7 -18.1

aExtension rate = 5.08 cm/min
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Table4 Glass transition temperature and tan d at peak from DMTA for nylon 6/maleated EPR blends

Rubber % Nylon 6 Rubber phase Nylon 6 phase

T, (°C) tand at peak maximum T, (°C) tand at peak maximum

EPR-g-MA 0 -38.5 1.10 N/A N/A

20 -35.1 0.97 N/A N/A

40 -34.3 0.57 52.3 (shoulder) N/A

50 -38.2 0.17 59.3 0.16

60 -45.1 0.089 59.5 0.14

70 -45.6 0.064 60.0 0.14

100 N/A N/A 65.8 0.18

H-EPR-g-MA 0 -23.0 0.21 N/A N/A

20 -19.1 0.18 N/A N/A

40 -18.1 0.13 61.6 (shoulder) N/A

50 -30.0 0.068 64.6 0.15

60 -31.4 0.046 64.8 0.12

70 -32.8 0.038 64.0 0.12

80 -36.3 0.031 60.5 011

100 N/A N/A 65.8 0.18
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The graft copolymer formed by reaction of the nylon 6 amine end groups with maleic
anhydride on EPR-g-MA is a compatibilizer that |eads to a very fine dispersion between the
nylon 6 phase and the rubber phase largely by limiting the frequency of particle-particle
coalescence. In addition, the rubber/polyamide graft copolymers provide adhesion at the
domain interfaces. Thus, blends of nylon 6 and maleated rubber should have a stable
morphology and good adhesion between the hard and soft phases.

5.4 Mechanical properties

Shore A hardness values for the blends with a rubbery continuous phasg, i.e., 0 to
40% nylon 6, are summarized in Table 3. The H-EPR-g-MA blends are harder than the
EPR-g-MA blends; the former have values from 80 to 98, while the latter have values from
48 to 83 over this composition range. Thisis consistent with the higher crystallinity of H-
EPR-g-MA.

Figure 3 shows stress-strain diagrams for neat EPR-g-MA and H-EPR-g-MA. The
latter exhibits strain-hardening while the former does not. The tensile strength of H-EPR-g-
MA is 30 timesthat of EPR-g-MA and the elongation at break of the former is 1.4 times
larger than the latter. Strain-hardening generally results from molecular alignment in the
direction of the strain or from strain-induced crystallization [22]. Crystallization during
stretching has been observed by X-ray diffraction for an ethylene-propylene-diene
terpolymer (EPDM) lightly crosslinked with peroxide [23].

Figure 3 also shows stress-strain diagrams for blends containing 20% nylon 6. The
blend based on H-EPR-g-MA has a dlightly lower elongation at break but much higher
tensile strength than the blend based on EPR-g-MA. The blends do not show strain-
hardening since they bresk just beyond the yield point. There is some evidence that the
addition of the nylon 6 phase tends to inhibit crystallinity induced by deformation.
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(100-x)% Maleated Rubber + x% Nylon 6

10 —r 77 T T
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2 —
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Figure 3. Stress-strain curves for blends of (100-x)% maleated EPR and x% nylon 6: x
= 0 and 20%.

The non-recoverable deformation after failure, or set after break, during tensile
testing at a cross-head speed of 5.08 cm/min shows similar trends for both blends; the
amount of set decreasesto quite low values when the nylon 6 content increases as seenin
Table 3. The set values for blends based on H-EPR-g-MA are higher than those based on
EPR-g-MA; this suggests that the crystalline phase of H-EPR-g-MA may undergo atypical
drawing mechanism.

Figure 4 shows stress-strain curves for blends containing 40 to 100% nylon 6.
Strain-hardening is apparent for both blends systems when the sample contains 40% or more
nylon 6. Cold-drawing was observed and elongation at break was unexpectedly high for
these intermediate blends. The blends based on H-EPR-g-MA showed a greater degree of
strain-hardening than those based on EPR-g-MA.
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(a) (100-x)% EPR-g-MA + x% Nylon 6
Extension Rate = 5.08 cm/min
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x = 100%
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(b) (100-x)% H-EPR-g-MA + x% Nylon 6
Extension Rate = 5.08 cm/min
60 1

x = 100%

70% .
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(0] 100 200 300 400
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Figure 4. Stress-strain curves for blends of (100-x)% maleated EPR and x% nylon 6: x
= 40 to 100%; (@) blends based on EPR-g-MA; (b) blends based on H-EPR-g-MA.
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Figure 5. Stress-strain curves for blends of (100-x)% maleated EPR and x% nylon 6:
(@) x =50%; (b) x = 70%.
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Figure 6. Stress-strain curves for blends of 50% maleated EPR and 50% nylon 6 at
various extension rates.
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Figure 5(a) provides a detailed comparison of blends based on the two maleated
rubbers at 50% nylon 6. The blend based on H-EPR-g-MA shows higher stresses beyond
theyield and a higher elongation at break. The slopein the post-yield region, i.e., degree of
strain-hardening, is aso higher for the H-EPR-g-MA blend. At 70% nylon 6 these
differences disappear, i.e., the two stress-strain diagrams are virtually identical asseenin
Figure 5(b). Both blends show the same yielding and cold-drawing behavior until 200%
elongation. However, the ultimate properties, tensile strength and elongation at break, are
greater for the blends based on H-EPR-g-MA.

The effect of crosshead speed on the stress-strain curve was examined. For blends
containing less than 40% nylon 6, stress levels at a given strain were higher for faster test
speeds [20]; however, for blends containing 50% nylon 6 or more, the effect of test speed
on the stress-strain diagram was substantially less asillustrated in Figure 6.

Blends containing 60% or more of nylon 6 showed a distinct yield point, while
blends containing less than 50% nylon 6 did not. In the latter case, the reported yield stress
was defined as the stress where the tangents of the initial and final parts of the |oad-
elongation curveintersect [24]. Figure 7 shows the effect of nylon 6 content on the yield
stress. The blends based on H-EPR-g-MA show higher yield stress than those based on
EPR-g-MA when the nylon 6 content is less than 60% as mentioned earlier (Figure 5a).
This may be explained on the basis of the higher crystallinity of H-EPR-g-MA. However,
for the blends containing more than 70% nylon 6, there is no distinguishable differencein
theyield stress.
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Figure7. Yield stress as afunction of nylon 6 content for blends of (100-x)% mal eated
EPR and x% nylon 6.

Figure 8 compares the ultimate properties of these blends to that expected from
simple additivity (dotted line). The ultimate tensile strength and elongation at break show
similar trends for the blends based on either rubber. When the rubber is the continuous
phase, both strength and el ongation are below the additive values, which suggests that the
nylon 6 particles in the rubber matrix do not cause effective reinforcement [20]. When nylon
6 forms the continuous phase, the tensile strength is equal to or higher than the additive value
and the elongation at break is aways higher than average. The H-EPR-g-MA based blends

generally have superior ultimate properties.
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Figure 8. Ultimate properties as a function of nylon 6 content for blends of (100-x)%

maleated EPR and x% nylon 6: (a) tensile strength and (b) elongation at break.
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5.5 Thermal and dynamic mechanical analysis

Figure 9 shows DSC thermograms for blends containing 40% nylon 6 prepared from
the two different maleated elastomers. Both materials show apeak at about 217°C from
melting of nylon 6. However, they show distinctly different peaks at alower temperature
due to melting the crystallinity formed from sequences of ethylene units in the rubber;
namely apeak at 125°C for EPR-g-MA blends and a peak at 45°C for H-EPR-g-MA blends.
The heat of fusion for the latter peak is larger than that of the former. Ver Strate et a [25]
have reported that major melting point depression results from addition of the comonomer in
ethylene-propylene copolymers and showed two different melting points at about 120 and
50°C which are in the range observed in this study. The melting peaks for nylon 6 and the
rubber do not depend significantly on blend composition; these phases are not expected to

exhibit cocrystallization like that reported for blends of EPDM and low-density polyethylene
(LDPE) [26].

60% Maleated Rubber + 40% Nylon 6

40 T T T T — T T T T T T T T T T T T — T
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Figure 9. DSC thermograms of first heat cycle for blends of 60% maleated EPR and
40% nylon 6.
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Figure 10(a) shows how the heat of melting of the ethylene sequences varies with the
nylon 6 content of the blends. The blends based on H-EPR-g-MA show a much higher heat
of fusion than those based on EPR-g-MA, especially for lower content of nylon 6. The
larger values of the ultimate tensile properties for the H-EPR-g-MA blends can be explained
by these larger heats of fusion, i.e., larger crystallinity of ethylenein the blends. For the
rubbery blends in which the nylon 6 particles are dispersed in the rubber matrix phase,
higher crystalinity provides more extensive tie points that act as crosslinks in the
deformation field. On the other hand, for the intermediate and nonrubbery blends, larger
crystallinity resultsin larger strain-hardening as mentioned earlier.

Figure 10(b) shows the relation between the heat of fusion of nylon 6 and the content
of nylon 6 in the blend. For blends containing less than 40% nylon 6, the experimental
values are very closeto what is expected by additivity. However, for blends containing
from 50 to 80% nylon 6 the observed heats of fusion are lower than additive. Oshinski
reported that reactive blends have lower crystallinity than expected from additivity [27].
Grafting of nylon 6 onto rubber reduces the crystallization rate of nylon 6 because the melt
viscosity increases as seen in Figure 2 [28].

Figure 11 shows the dynamic mechanical storage modulus (E” ) and loss tangent (tan
d) for the blends based on H-EPR-g-MA as a function of temperature; similar data have been
reported previoudly for blends based on EPR-g-MA [20]. The locations of the observed tan
d peaks associated with the glass transitions of the rubber and nylon 6 are given in Table 4.

Both blends showed similar trends including asmall increasein the T of about 5°C for the
rubber phase as the nylon 6 content increases from 0 to 40%. Asthe nylon 6 content is
increased further from 50 to 70 or 80%, the T, of the dispersed rubber decreases below that
of the neat rubbers. This behavior is also observed for grafted polybutadiene rubbersin
ABS materials[29] and is attributed to dilatationa stresses stemming from differencesin the

volume contraction of the phases on cooling. A tan d peak associated with the b-relaxation

of nylon 6 occurs at -26.5°C near the glass transition for these two rubbers. The values of
T, for the rubber phase of H-EPR-g-MA blends are higher than those of EPR-g-MA blends,
because of the higher crystallinity of H-EPR-g-MA. However, it should be noted that there
islittle difference in the elongation at break of those blends as mentioned above.
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The storage modulus E” of each blend shows a significant decrease at the glass
transition of the rubber and the nylon 6 phase and at the melting point of nylon 6 (off the
scale used in the current graphs). It isinteresting to note that a significant decrease in
modulus occurs at about 50°C for blends based on H-EPR-g-MA that contain less than 50%
of nylon 6. Thisresultsfrom melting of the crystalline phase of H-EPR-g-MA as seen by

DSC; however, no corresponding tan d peak was observed.

The size of the tan d peak associated with the rubber phase is shown as a function of
nylon 6 content in Figure 12. When the nylon 6 phase is dispersed in amatrix of rubber, the
EPR-g-MA blends have higher values of tan d than the H-EPR-g-MA blends. This behavior

Is consistent with alower level of crystallinity asfound by DSC.
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Figure 12 Tand at peak maximum for rubber phase T, as afunction of nylon 6 content

for blends of (100-x)% maleated EPR and x% nylon 6.

Experimental values of the modulus from stress-strain testing at 5.08 cm/min, E, are
shown for blends of nylon 6 with EPR-g-MA and with H-EPR-g-MA over the entire
composition rangein Figure 13. The observed values are compared to theoretical predictions
(solid lines) calculated using a self-consistent theory proposed by Hill [30]. Thismodel is
expressed in the form
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whereK isthe bulk modulusand G isthe shear modulus of the blend, the subscript

indicates the corresponding component i, andf ; isthe volume fraction of component i.
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Figure 13. Effect of nylon 6 content on Y oung’s modulus, E, from stress-strain
diagrams for blends of nylon 6 and maleated EPR: (O) EPR-g-MA and (®) H-EPR-g-MA.

Thetensile, Ej, bulk, K;, and shear, Gj, moduli of each component (or blend) are

interrelated via Poisson'sratio, vj, by the following

K, = _E and G = = (2
31-2n,) 2(1+n,)
Poisson’ s ratio was assumed to be 0.49 for EPR-g-MA and 0.33 for nylon 6 [31] and to be

alinear function of composition for the blends.

Figure 14 shows similar comparison between calculated and experimenta values of
the dynamic storage modulus. The calculated values are from the Hill equation assuming
that Y oung’'s modulus, E, can be replaced with the complex modulus [32], E* , and that in
turn E* isapproximately equal to the storage modulus [33], E". Thereislittle difference
betweenE and E* for blendsin which nylon 6 phase is continuous, while E” islarger than
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E for blends where nylon 6 is adiscrete phase in arubber matrix. BothE andE™ are
higher for the blends based on H-EPR-g-MA than those based on EPR-g-MA, because of

the larger crystallinity of the former. When compared at constant values of modulus (either
E or E"), especidly in the phase inversion region, the volume fraction of nylon 6 from the
experimental result islower than that from the theoretical curve as seen in Figures 13 and 14.
This deviation between apparent and actual volume fractionsis larger for EPR-g-MA blends
than for H-EPR-g-MA blends. This may be caused by an anisotropic structure, i.e., more

elongated morphology for EPR-g-MA blends than for H-EPR-g-MA as seen by TEM.
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Table5 Phase inversion volume fraction of nylon 6 for nylon 6/maleated EPR blends

Rubber phase Calculated ® TEM Y oung’s modulus Storage modulus
EPR-g-MA 0.40 ca0.44 0.32 0.40
H-EPR-g-MA 0.29 ca0.44 0.40 0.40

@ Calculated by torqueratio [eg. (3)].
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5.6 Phase inversion behavior

Dual phase continuity, i.e., phase inversion, occurs when the ope of log E orlogE™ as
afunction of composition is steepest [13]. The phase inversion compositions from curves
calculated by the Hill equation are 44 vol% (50 wt%) for both E and E* for both rubber
systems. However, the inversion points from the experimental modulus values occur at
lower nylon 6 content as seen in Table 5.

There are several modelsto predict phase inversion composition for polymer
blends[16]. Recently, Mekhilef suggested that the Avgeropoulos model, in which torque
ratio is equated with the volume fraction ratio, predicts the point of phase inversion better
than various semi-empirical models using the viscosity ratio [14]. In the Avgeropoulos
model, the inversion point composition is expressed as [15]

T/ To=1Fq1/f > ©)
where Tj is the torque of polymer i. Theinversion point predicted by the Avgeropoulos

model for EPR-g-MA blends is 40 vol% (46 wt%) and that for H-EPR-g-MA is 29 vol%
(34wit%). Experimenta valuesfrom TEM observations and modulus curves are compared
to the predicted valuesin Table 5. The predicted vaue for the EPR-g-MA blends was
found to be close to the values from TEM. In the case of H-EPR-g-MA blends, the
predicted value was | ess than the experimenta values. Favis pointed out that morphology
of polymer blendsis affected by various material parameters such as viscosity ratio,
composition, elasticity, shear stress and interfacial modification [16]. Recently, Bourry
showed that both elastic and viscous effects should be considered for blends of high-
density polyethylene and polystyrene [17]. These factors other than composition no doubt
account for some of the discrepancy between the predicted values and the experimental
values observed in this study.
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5.7 Conclusions

The morphology, thermal properties and mechanical behavior for blends of nylon
6 with EPR-g-MA and H-EPR-g-MA have been examined over the whole composition
range. Generally, both types of rubber show similar morphological features, however,
the following differences were noted. First, the rubbery blends of H-EPR-g-MA yield
smaller nylon 6 particles than that of EPR-g-MA at low contents of nylon 6. Second, in
the inversion range, the EPR-g-MA phase is rather smooth and elongated, while the H-
EPR-g-MA phase is pointed and discrete. The size and shape of the dispersed rubber
particles are similar for the two types of rubber when nylon 6 is the continuous phase.

Two typical tensile behaviors were observed for both blend systems based on
EPR-g-MA and H-EPR-g-MA, viz., homogeneous deformation without a well-defined
yield point and inhomogeneous deformation with necking and cold-drawing. These
behaviors depend on morphology of the blends. The former is observed for the rubbery
blends where nylon 6 spheres are dispersed in a rubber matrix and for the intermediate
blends. Thelatter is observed for the polyamide-rich blends where rubber particles are
dispersed in anylon 6 matrix phase.

H-EPR-g-MA blends have superior mechanical properties compared to EPR-g-MA
blends. Strain-hardening, which may be caused by strain-induced crystallization of
ethylene sequences, is observed for neat H-EPR-g-MA. However, adding nylon 6 results
in poor ultimate properties in the rubbery region, where tensile strength and elongation at
break are lower than expected from additivity. Hardness, tensile strength, set after break,
and static Y oung’ s modulus and dynamic storage modulus for H-EPR-g-MA blends
indicate larger values than those for EPR-g-MA blends. These results are consistent with
higher crystalinity of H-EPR-g-MA than EPR-g-MA. For the intermediate blends (40 to
60% nylon 6), strain-hardening is observed for both blend systems. Yield stress and
tensile strength at break for the H-EPR-g-MA blends are higher than those based on EPR-
g-MA. Theformer blends have steeper lopesin the post yield region than the latter
blends. Both elongation at break and tensile strength increase as nylon 6 content is
increased in the intermediate composition range. On the other hand, tensile strength
increases but elongation at break decreases with nylon 6 content in the composition range
where the rubber phase is dispersed. Stress-strain curves show cold-drawing behavior
and are virtually identical for both blend systems in this composition region. However,
elongation at break for EPR-g-MA blends is lower than that for H-EPR-g-MA blends at
70 and 80% nylon 6. The former blends break before the stress can increase, while the
latter blends do not.
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Thermal analysis shows that the H-EPR-g-MA blends have higher crystallinity
based on ethylene sequences than the EPR-g-MA blends although the latter has the higher

melting temperature. The rubber phase values of tan d at peak maximum are higher for

EPR-g-MA blends than for H-EPR-g-MA blends which is consistent with the difference
in crystallinity between two rubbers. Experimental modulus values were compared to
those predicted by the Hill theory. The difference between these values is small when the
nylon 6 content is at either extreme for both blends. However, in the intermediate region
(i.e., 20 to 80% nylon 6), H-EPR-g-MA blends show better agreement with the model
than do EPR-g-MA blends.

The phase inversion compositions from TEM and modul us curves were compared
to predicted values from the model of Avgeropoulos. The predicted value for the EPR-g-
MA blendsis close to that found by TEM but differs from that indicated by the
experimental modulus curve. In the case of H-EPR-g-MA blends, the predicted valueis
less than the experimental value.
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Chapter 6
Dynamic mechanical properties of blends of nylon 6 and maleated ethylene

-propylene rubber

6.1 Analysis of Dickie model
Experimental dynamic moduli were compared to theoretical values by Dickie

equations. Dickie showed the following equati ons1 for storage modulus, E, and loss
modulus, E”, for heterogeneous polymer-polymer composites by application of Kerner

equationz, if the Poisson’ sratio of the matrix is assumed to be real:

E=E, (A/C)-E,(B/C)

E'=E,(A/C)+E, (B/C)
where subscript m denotes a matrix property, subscript i denotes an inclusion property, and
A, B and C are the following functions

A=(1-9(@+ac)g(E> +EX)+(1-0(a+ab?g(E” +E¥)
+[(1-9*a+(@+o(l+adbg(E, B +EE")
B=bg(a+1)*(EE, -EE)
C=(1+ac’(E/ +E)+(1-0*a’b’(E¥ +E*)
+2(1+acq(l-9ab(E, E +E/E")
a, b, and gare functions of Poisson’sratio, n :
a=2@-5n)/(7-5n,)
b=(1+n)/(1+n)
g=(1+n)/(1+n)
It was assumed that c is afunction of volume fraction of inclusion, v:
c=vy
y=1+v(l-v, )/V..>
wherev,,, iS maximum packing fraction.

It was a so assumed that

n=n

m

i.e,g=1
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6.2 Results

Thevalues of E” and E” for the EPR-g-MA blends were calculated as a function of
nylon 6 content by assuming that the nylon 6 phase is dispersed phase in the rubber phase
matrix for variousv,, values as seen in Figure 1. Theoretical curves well described the

experimental valuesin the range of volume fraction of nylon from 0to 0.3 for both E” and E”
av,_, = 0.6.

It was aso assumed that the rubber is dispersed phase in the nylon matrix phase as
seenin Figure 2. The experimental values of E” and E” were nearly represented by assuming
V..« = 0.8, but some discrepancy between theory and experiment was observed.

E" and E” data for the blends based on H-EPR-g-MA were calculated in the same
waly as seen in Figures 3 to 4, respectively. similar results as above were obtained.

Results were summarized in Figure 5. Dickie reported similar valuesfor v, as seen
in the results above. It was reported that the values ofv. . for rubbery matrix is0.6 andv,

for glassy matrix is0.8 3. The author suggested that the composite comprises simple glassy

inclusions in rubbery matrix at v, = 0.6. He also pointed out that interaction between soft
inclusionsin ahard matrix isweaker than that between hard inclusions in a soft matrix;
higher value for soft particles may be due to the greater deformability of the inclusions.

In conclusion, the theoretical analysis by Dickie model depends on the polymer
matrix and dispersed phase. Dickie model requirestwo individua v, for either composition
depending on the matrix phase and cannot describe the phase inversion composition for the
blends of nylon 6 with maleated rubber. Anaysisusing Hill model, which isshownin
chapter 4 and 5, provides continuous analysis for all composition range and more useful
method than that with Dickie model.
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Chapter 7 Conclusion and development

7.1 Thermodynamic criteria for blend miscibility

The Gibbs free energy for mixing a unit volume of monodispersed polymers A

and B is expressed by

ér f f )
C=Bf f. +RTEAAInf, + 88| ¢
mix A" B A B
éM, Mg C

where B isabinary interaction energy density, R isthe gas constant, T is the absolute
temperature, r , isthe density, f, isthe volume fraction, and M, is the molecular weight of
component i. Thefirst term on the right-hand side is Hildebrand-Scatchard- van Laar type
heat of mixing and the second term is entropy of mixing of Flory and Huggins. B isan
excess free-energy term when the heat of mixing and other noncombitorial effects are put
together. B ispreferably used rather than the binary interaction parameter, ¢, because ¢

depends on areference volume, V,, which is arbitrarily defined, as follows:

BV,
RT

Dg,,;, must be negative for equilibrium miscibility and its second derivative in terms of

composition must be positive for stability.

d’Dg,, é r ry U
mix =_ZB+RTA A + B L,,I
df 2 gAMA feMg ()

The combinatoria entropy always favors mixing, but the entropy term is almost negligible at
high molecular weight of most commercial polymers. Accordingly, the miscibility depends
on B parameter. Miscibility reaches by exothermic interaction, immiscibility typically caused
by endothermic interactions.

Critical condition is attained when the third derivative of Dg,;, with respect to composition is

equal to zero. B parameter at the critical condition is expressed by the following:
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where (m w) i isthe weight-average molecular weight. Overall energetic contribution to

mixing, B, must be less than B, for miscibility.
The example of miscible blendsis poly(2,6-dimethyl-1,4-phenylene oxide), PPO, and
polystyrene, PS. One phase is observed for the blends because the interaction energy is so

favorable.

When the B parameter exceeds the critical value, atwo-phase mixture is observed.

If the difference between B and B, iSnot so large, theinterfacial tension issmall and the

aritic
fine dispersion can beyielded. Such blends showed strong interface with large interfacial
thickness. The example of thisimmiscible blend is mixture of polycarbonate, PC, and
Acrilonitrile-butadiene-styrene copolymer, ABS. When the B becomes much larger than the
critical value, the interfacial tension increases and the size of the domain becomes larger.
Interfacial thickness decreases and the interface becomes weaker. The example of such
incompatible blends is mixture of nylon and ABS. The properties of in compatible blends
areinferior as the dispersion becomes grosser and the interface is weaker. The performance

of the incompatible blends can be improved, when finer dispersion and stronger interfaceis

obtained by use of compatibilization.

7.2 Prediction and analysis of interfacial properties

7.2.1 Interfacial tension and interfacial thickness
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Binary interaction energies are important to determine the phase behavior of
polymer blends, which is not only miscible but also phase separated. |nterface between
phases is strongly affected by interaction energies. morphology in the melt is determined by
interfacia tension using B, adhesion in the solid state is determined by interfacial thickness
through B. Helfand and Tagami proposed a quantitative expression of interfacial properties
by thermodynamic interaction energy. Theinterfacial thickness| is described by Helfand

and Sapse asfollows:

| = Z—ET(bj +b) (A)

where B isthe interaction energy density, and b is related to the dimension of the polymer

coil asfollowings:

b, = \/Zei (17 m)” (B)

where (rf} is the mean-square unperturbed end-to-end chain distance and M, is the

molecular weight.

Theinterfacial tension gis expressed as follows:

,RTB
g= _z(bA +bB)

infinite molecular weight for both componentsis assumed for Egs. (A) and (B). However,

1(b,- by)’ U
EIOE: v

m)m) D~

theory was extended to finite molecular weight by Broseta.

Predictions of | and g have been compared to the experimental values. The measurements

are difficult and require extreme care in experiments. For example, predictionsof | and g

for blends of PC and SAN were compared to the experimental values from neutron

reflectivity and capillary thread instability. Prediction of | for PPO/SAN blends agrees with

experimental results from neutron reflectivity. Merfeld et al [1] studied interfacial thickness
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in bilayers of poly(phenylene oxide) and styrenic copolymers of styrene-acrylonitrile (SAN)
and styrene-maleic anhydride (SMA) based on the theory of Helfand and Tagami. The
theoretical predictions using amean field binary interaction model agree with experimental

values from neutron reflectivity.

7.2.2 Theory of droplet deformation and breakup

Taylor observed that the drops break, when the radius of dropsis great enough or
when the rate of distortion is high for the mixtures where Newtonian liquidsis suspended in
another Newtonian liquid. Droplet breakup is affected by viscosity ratio, p, (the viscosity of

the dispersed phase)/(the viscosity of the matrix), the type of flow, and the capillary number,

C,. Thecapillary number, C,, isthe ratio between the deforming stress h, g imposed by the
flow and the interfacial forcess/R, where s istheinterfacial tension and R is the radius of
thedrop. C, isexpressed as.

C,=h_Riy/s

If C, issmall, the interfacial forces dominate and a steady drop shape develops. The drop

becomes unstable and breaks, if C, becomes|arger than acritical value, C Taylor aso

a crit”

defined adimensionless group E as follows:

E=C,[(19p + 16) / (16p + 16)]

where p is viscosity ratio (the viscosity of the dispersed phase)/(the viscosity of the

matrix, h,).

When brakdown and coal escence are balanced at equilibrium, the particle size at

equilibrium, d_, is expressed by Tokita as follows:

y Yy

24Ps @ | 4REy .0
dT
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d » ——
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wheret , isthe shear stress, s istheinterfacial tension, E, isthe bulk breaking energy, f

is the volume fraction of the dispersed phase, and P, is the probability that a collision will
result in acoaescence. Asthe shear stress increases, the interfacia tension decreases, and

the volume fraction of the dispersed phase decreases, the particle size decreases.

Elmendorp and Van der Vegt described the shear-induced coal escence of spherical
droplets. The critical coalescent time, t,, which is defined as the time between arrival of a
droplet and breakup of aintervening film, is expressed as follows:

t. =(3h R/2s)In(R/2h,)

where h, is the critical separation distance.

Two mechanisms are proposed for dispersion of one liquid to another by

Runscheidt. Oneis stepwise equilibrium mechanism of steady and repeated breakup at C,

«i And the other, which isknown as capillary instability, is the disintegration of a deformed

fine thread into a series of fine droplets. The capillary instability is observed under transient

shear conditions or after cessation flow.

7.3 Theory of interfacial properties for compatibilized blends

Noolandi and Hong studied interfacial properties of immiscible homopolymer
blends in the presence of block copolymers[2]. They studied the emulsifying effect of block
copolymer in immiscible homopolymer blends, using a general formalism for
inhomogeneous multicomponent polymer systems. The calculation shows the reduction in
interfacial tension with increasing the block concentration for arange of copolymer and

homopolymer molecular weights. It isclear that the calculated interfacial density profiles
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show much exclusion of homopolymer from the interphase region when the molecular
weight of the block copolymer isused. The critical concentration of block copolymer

required for micellar aggregation in homopolymer phaseis aso estimated.

Vilgis and Noolandi demonstrated theory of homopolymer-blockcopolymer blends
based on thermodynamic behavior of a blend containing homopolymer A, homopolymer B,
and arbitrary block copolymer CXY, and solvent [3]. The behavior of the diblock
copolymer near the interface was studied in detail. It is demonstrated that the longer
copolymers localize more strongly at the interface. The interfacial tension decreases and the
width of theinterface increasesif specia relationship between the ¢ parameters are chosen.
Under such circumstances, CXY can be considered as a universal compatibilizer, if the
concentration is below the critical micelle concentration. They suggested the design of a
universal compatibilizer, which makes use of preferential repulsive interactions between the

homopolymers and the different blockcopolymer.

7.4 Conculusions

In Chapter 2, the fracture of blends of nylon 6 and maleated ethylene-propylene
rubber was examined by both the 1zod impact test and a single-edge notch three-point bend
(SEN3PB) instrumented Dynatup test. The effects of EPR-g-MA content, ligament length,
method of fracture surface measurement, sample thickness and fracture position in the
molded bar on the fracture behavior were investigated. The data were analyzed by plotting
the specific fracture energy (U/A) as afunction of ligament length. The blends containing a
high portion of EPR-g-MA in the rubber phase were found to be super tough over the whole

range of ligament lengths and under all test conditions. However, a ductile-to-brittle
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transition was observed with ligament length for marginally tough blends which contained a
low content of EPR-g-MA in the rubber phase and had a ductile-brittle temperature near or
above room temperature; the specimens with short ligament length fractured in aductile
manner, while the specimens with long ligaments showed brittle fracture. The transition
ligament lengths were found to be dependent on the rubber particle size. The dua mode of
fracture was rationalized by equations for ductile yielding and brittle crack propagation;
values of yield stress and critical intensity factor were estimated from these model equations.
The dissipative energy density, u,, was more sensitive to rubber particle size, sample
thickness and location in the molded bar than the limiting specific fracture energy, u,. There
isagood correlation between the standard Dynatup impact strength and the parameter u, for

the gate end specimens.

In Chapter 3, fracture toughness for blends of nylon 6 with maleated ethylene-
propylene rubber (EPR-g-MA) and maleated styrene-hydrogenated butadiene-styrene
triblock copolymer (SEBS-g-MA) was investigated using a single-edge notched three-point
bend (SEN3PB) instrumented Dynatup test. The effects of rubber particle size and ligament

length on the fracture behavior were examined. The blends in which the rubber particles size

Isless than 0.7 mm fracture in aductile manner over the whole range of ligament lengths

while blends with particles larger than 0.7 mm show a ductile-to-brittle transition with

ligament length. In thisregime, ductile fracture was observed for specimens with short
ligaments while brittle fracture was seen for those with long ligaments. The ductile fracture
behavior was analyzed using the essentia work of fracture (EWF) model. The limiting
specific fracture energy, u,, for EPR-based blends was higher than that for SEBS-based

blends, while the dissipative energy density, u,, for the latter was larger than that for the
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former. Larger fracture energies for the SEBS-based blends than the EPR-based blends can
be explained by larger u, of the SEBS-based blends. The critical strain energy release rate,
G,., and the plane-strain critical stressintensity factor, K., were obtained from the brittle
fracture behavior. Both of these fracture parametersincrease with decreasing the rubber
particle size for either blend systems. The G,. and K. parameters have smilar values
regardless of rubber type where the rubber particle sizeisfixed. The transition ligament
length, which increases with decreasing rubber particle size, was found to be near the size
criterion for plane-strain conditions for both blend systems. This suggests that the ductile-
to-brittle transition along the ligament length corresponds to the size criterion for plane-strain

conditions based on the fracture mechanics parameters.

In Chapter 4, blends of nylon 6 and ethylene-propylene rubber, grafted with
maleic anhydride, (EPR-g-MA) were prepared using amelt blending process. For certain
compositions, nylon 6 forms finely dispersed particles due to the reaction of the polyamide
amine end groups with the grafted maleic anhydride, that have potentia to reinforce
elastomer matrix. This study focuses on the effects of the content of nylon 6 on the
rheological, morphological and mechanical properties of such blends where nylon 6 isthe
dispersed phase. Transmission electron microscopy was used to determine blend
morphology. Mechanical properties were examined by stress-strain measurements and
dynamic mechanical thermal measurements; the modulus is compared to values ca culated
from theory. The addition of magnesium oxide causes significant improvement in tensile

properties of these blends.
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In Chapter 5, blends of nylon 6 with maleated ethylene-propylene rubber (EPR-g-
MA) were prepared by melt blending over the whole composition range. The reaction of the
polyamide amine end groups with the grafted maleic anhydride has the potential to form
thermoplastic elastomers (TPE) with controlled morphology and chemical bonding between
the phases. This study focuses on the effects of nylon 6 content and crystallinity of the
mal eated rubber on morphological, thermal and mechanical properties of these blends.
Maleated EPR with some ethylene crystalinity (H-EPR-g-MA) resultsin blends which have
better mechanical properties than those based on amorphous EPR-g-MA. Strain-hardening
and cold-drawing were observed for both blend systems in the intermediate and polyamide-
rich composition range. These effects are found to be enhanced by ethylene crystallinity in
the blends. Modulus va ues from stress-strain measurements and dynamic mechanical
thermal measurements are compared to predictions using amodel by Hill for composite
materials. Blends based on rubber with high ethylene crystallinity give better agreement with
the model than those based on amorphous rubber. Phase inversion compositions derived
from TEM observation, modulus measurements are compared to those calculated from the

model of Avgeropoulos.

In Cahpter 6, the theoretical analysis by Dickie model depends on the polymer
matrix and dispersed phase. Dickie model requirestwo individual v, for either composition
depending on the matrix phase and cannot describe the phase inversion composition for the
blends of nylon 6 with maleated rubber. Analysisusing Hill model, which isshownin
chapter 4 and 5, provides continuous analysis for all composition range and more useful

method than that with Dickie modd!.
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7.5 Future development

Polymer blends will be developed scientifically and commercialy for various fields
such as high-performance materials with various functionalities, recycling plastics, and bio-
decomposite materials, and so on. Technologies of polymer blends will be sophisticated by
combination of several other immerging technology i.e., nano-technology, supramolecules,

biology, and so on.
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