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ABSTRACT: Polyamide 6 (PA 6)/poly(hydroxyether of bisphenol A) (phenoxy) blends
were obtained by direct injection molding over the whole composition range. Differen-
tial scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), and
scanning electron microscopy (SEM) showed the almost full immiscibility of the blends
and the lack of effect of phenoxy on the crystalline phase of PA 6. The rodlike and
fine-dispersed phase of the tensile specimens was strongly deformed during tensile
testing, giving characteristic fibrilar structures. The Young’s modulus and yield stress
showed small deviations from additivity that appeared related mainly to the blending-
induced free-volume change. Despite immiscibility, the ductility behavior was also
additive, probably due to the fibrilar morphology. However, the thicker impact speci-
mens gave rise to less oriented larger dispersed phases and to full plane strain
conditions that, in opposition to ductility, yielded impact strength values well below
linearity. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 72: 1113–1124, 1999
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INTRODUCTION

Much attention has been paid in recent years to
polymer blending. This is because it is a very
useful and low-cost technique to obtain new poly-
meric materials with specific properties that
would be not easily satisfied by a single polymer.
In miscible blends, compatibility is assured, but
the general rule in immiscible nonreacted blends
without rubbery components is a clearly less than
additive behavior in mechanical properties, par-
ticularly in large-strain properties. This is due to
the full or almost full phase separation and to the
usual low phase adhesion. However, different be-
haviors may be obtained depending on the phase

morphology, the interaction level, as well as on
the composition.1 The phase morphology is a re-
sult of the melt-processing type and conditions
which are critical in the processing of an immis-
cible blend and which have been studied broadly
in the literature.2–4,5 As regards the interaction
level between phases, this is also critical for me-
chanical properties because a minimum adhesion
is usually needed to obtain a synergistic or even
additive mechanical behavior.6–8

Poly(hydroxyether of bisphenol A) (phenoxy) is
a relatively tough and ductile amorphous thermo-
plastic with an excellent oxygen barrier property.
It has a polar pendant hydroxyl group that, be-
sides being able to react with different polymers,9

is capable of establishing strong hydrogen-bond-
ing interactions, giving rise to miscible blends
with proton-acceptor polymers such as poly(bu-
tylene terephthalate),10,11 polycaprolactone,12

and poly(ethylene oxide).13 However, the interac-
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tions are not important enough for miscibility
with, for example, poly(ethylene terephthalate),14

bisphenol A polycarbonate,46 and poly(methylene
oxide) (POM).15 Ternary phenoxy blends with dif-
ferent miscibility levels have also been studied in
the literature.16–18

Poly(«-caprolactam) (PA 6) is a semicrystalline
polyamide of common use. As is usual in most
polyamides, it shows good mechanical properties
and solvent resistance. Although, recently,19 PA 6
has been reported to be miscible with an ethyl-
ene–vinyl alcohol copolymer, most of the PA 6
blends reported during the last years with the
aim of improving physical properties are immis-
cible, for instance, PA 6 blends containing rub-
bers,20,21 polyolefins or copolymers,22,23 other
thermoplastics,8,24–27 and liquid crystal poly-
mers.28,29

Blends of PA 6 with phenoxy appear to be an
attractive research area. This is because of the
possible specific interactions between both blend
components due to their proton acceptor/proton
donor characteristics and also due to the comple-
mentary properties that crystalline and amor-
phous polymers usually show. However, neither
the processing nor the mechanical properties of
PA 6/phenoxy blends have been studied, to our
knowledge, in the current literature. Moreover, it
has been shown that in some cases6,30 direct
blending in an injection machine, that is, without
a previous mixing step in an extruder, is possible.
This may provide blends comparable in homoge-
neity with those obtained through other more tra-
ditional ways and allows polymer blend parts to
be molded in a single step. This is why, in this
work, the phase and mechanical behavior and the
structure of PA 6/phenoxy blends obtained by di-
rect injection molding were studied. The phase
behavior and solid-state characteristics of the
blends were analyzed using differential scanning
calorimetry (DSC), dynamic thermal analysis
(DMTA), Vicat, density, and scanning electron
microscopy (SEM) and the mechanical properties
were determined using tensile and impact tests.

EXPERIMENTAL

The polymers used in this work were commercial
products. PA 6 was Durethan B30S from Bayer
Hispania S.A. (Barcelona, SPAIN). It has a mo-
lecular weight Mv 5 29,000, determined by vis-
cometry at 25°C in aqueous formic acid (85%).
The poly(hydroxy ether of bisphenol A) was phe-

noxy PKHH from Union Carbide (supplied by
Quimidroga S.A., Barcelona, Spain). Their aver-
age molecular weights were Mw 5 50,700 and Mn
5 18,000, as determined by GPC in THF at 30°C.
Both polymers were dried in vacuo at 80°C for
14 h before processing in order to avoid moisture-
induced degradation reactions.

Pellets of PA 6 and phenoxy were mixed at the
desired weight ratios and tumbled together before
injection molding. The polymers were directly
melt-mixed and injection-molded in a Battenfeld
BA230E reciprocating screw injection-molding
machine. The barrel temperature was 240°C, and
the mold temperature, 30°C. The mold tempera-
ture was low to help phenoxy solidification. In
contrast to another phenoxy blend,30 the avail-
able barrel temperature range was small. It was
chosen taking into account the degradation pos-
sibility at higher temperatures and the risk of PA
6 crystallization in the nozzle at lower tempera-
tures. The screw of the plasticization unit was a
standard screw with a diameter of 18 mm, L/D of
17.8, compression ratio of 4, and helix angle of
17.8°. No mixing devices were present. The injec-
tion speed and pressure were 6.1 cm3/s and 1500
bar, respectively. Tensile (ASTM D-638 type IV)
and impact (ASTM D-256) specimens were ob-
tained.

The phase behavior of the blends was studied
by DSC and DMTA. A Perkin–Elmer DSC-7 cal-
orimeter was used at a heating rate of 20°C/min
in a nitrogen atmosphere. Two heating scans
were carried out between 15 and 260°C. Cooling
between both scans was carried out at the maxi-
mum rate provided by the calorimeter. The ther-
mal transitions were determined in the second
scan in the usual way. The melting heats and
correspondent crystalline contents were mea-
sured in the first scan, because the first scan
corresponds to the state in which the properties
were measured. Dynamic mechanical tests were
carried out in a Polymer Laboratories apparatus,
at a frequency of 1 Hz in the flexural mode and at
a heating rate of 4°C/min from 250 to 150°C.
Samples were cut from the injected tensile speci-
mens. Vicat softening points were measured at
50°C/h and with a 1000 g load (ASTM D-1525).
The orientation of the mainly amorphous speci-
mens was estimated in an indirect way by mea-
suring their contraction after maintaining them
at 150°C for 20 min. Higher times did not yield
significant additional contraction. Density mea-
surements were carried out on samples taken
from the tensile specimens, which were stored in
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a desiccator, by the displacement method in n-
butyl alcohol. A Mirage SD-120L electronic den-
sitometer was used. Three determinations were
made per value. The temperature of the immer-
sion liquid was determined with 0.1°C precision.

Tensile testing was carried out on an Instron
4301 tester at 2362°C in 2-mm-thick ASTM
D-638 type IV specimens. A crosshead speed of 20
mm/min was used. The mechanical properties
[Young’s modulus (E), yield stress (sy), break
stress and strain (sb and «b, respectively)] were
determined from the force-displacement curves.
Izod impact tests were carried out on 3-mm-thick
notched specimens using a CEAST 6548/000 pen-
dulum. The notches (depth 2.54 mm, radius ei-
ther 0.25 mm or 1 mm) were machined after in-
jection molding. A minimum of eight specimens
were tested for each determination in both tensile
and impact tests.

SEM (Hitachi S-2700) was carried out after
gold coating on both cryogenically and tensile and
impact-fractured surfaces at an accelerating volt-
age of 15 kV.

RESULTS AND DISCUSSION

Phase Behavior

Figure 1 shows the glass transition (Tg) and melt-
ing (Tm) temperatures obtained by DSC for PA
6/phenoxy blends in the second calorimetric scan.
No crystallization exotherms were observed dur-
ing the scans in spite of the rapid cooling both in
the injection mold and in the calorimeter previ-
ously to the second scan. This shows the quick

crystallization of PA 6 and that the phenoxy pres-
ence does not noticeably hinder it. The Tm of PA 6
remained practically constant with the blend
composition in both scans. This constancy and the
practically linear melting heat–composition rela-
tionship shown in Figure 2 indicate that the phe-
noxy presence does not practically affect the PA 6
crystallization.

With respect to the glass transitions, a low-
temperature Tg at approximately 42°C, which
corresponds to PA 6, was seen only at high PA 6
contents. This Tg indicates the presence of a prac-
tically pure PA 6 phase. It was less clearly ob-
served in the first scan because the contact of the
specimen with the sample pan is not usually com-
plete in injected specimens, the opposite to that
which takes place after melting. The very short
time in the melt state will probably lead to the
morphology being essentially maintained. The ab-
sence of the low Tg in PA 6-poor blend contents is
probably due to its small intensity, a consequence
of the high crystallinity of PA 6. Additionally, a
second high-temperature Tg, which corresponds
to a phenoxy-rich phase, is observed at all blend
compositions except at 10% phenoxy content. It
shows a slight shift to lower temperatures as the
PA 6 content in the blends increases. This Tg
decrease indicates a slight presence of PA 6 in the
phenoxy phase at high PA 6 contents.

To clarify this slight miscibilization, the blends
were also tested by DMTA, which usually pro-
vides a higher detection level than does DSC.
Figure 3 shows the Tg’s of the phenoxy-rich phase
of the blends obtained from the maxima of tan d in
the DMTA measurements. The Tg of the PA 6
phase is not shown because, as from DSC, it held
approximately constant with the composition. A

Figure 2 Melting heat of the blends obtained by DSC
from the first scan against composition of the blends.

Figure 1 Thermal transitions obtained by DSC: (L)
Tm and (o) Tg’s of the blends in the second scan against
composition of the blends.
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drop of approximately 10°C with respect to that of
pure phenoxy is again observed in the Tg of the
phenoxy-rich phase of the very rich PA 6 blends.
This indicates, again, a slight presence of PA 6 in
the phenoxy-rich phase of the PA 6-rich blends.

Given that PA 6 does not need processing aids
and that plasticizers were not present according
to the manufacturer’s information and, thus, sup-
posing that the Tg decrease of 10°C is due to the
presence of PA 6, the amount of PA 6 in the
phenoxy-rich phase may be estimated using the
Fox’s equation31:

1/Tg 5 w1/Tg1 1 w2/Tg2 (1)

where Tg is the glass transition temperature of
the blend; Tg1 and Tg2, the Tg’s of the two pure
components, and w1 and w2, the weight fractions
of both components. Equation (1) yields a PA 6
content in the phenoxy-rich phase of approxi-
mately 12%.

This slight PA 6 presence could be due to some
interaction between PA 6 and phenoxy, which is
not surprising taking into account the comple-
mentary proton-acceptor/proton-donor character-
istics of the components. These interactions could
give rise to miscible blends, but it is known15,32

that the relation between interacting and non-
interacting units in the polymer chain also plays
a role. This is clearly seen in phenoxy blends
because, as already mentioned, poly(butylene ter-
ephthalate) is miscible14 with phenoxy, whereas
poly(ethylene terephthalate) is not. A similar ef-
fect was found in blends of bisphenol A polycar-
bonate with polyesters.33 Thus, it appears that
the relation between amide and methylene groups

in PA 6 is not favorable enough to give rise to
miscibility in these PA 6/phenoxy blends.

The decrease in the Tg of the phenoxy-rich
phase has been attributed to the presence of PA 6.
Another possible reason could be the existence of
interchange reactions during melt processing.
However, the residence time of the blends in the
melt state is small (approximately 4 min) and,
moreover, a reaction level that would produce the
observed Tg variation should also give rise to
melting heat and melting temperature decreases
that are not seen. Thus, reactions between the
amide groups of PA 6 and hydroxyl groups of
phenoxy have to be discarded as being responsible
for the observed Tg behavior.

Thus, despite the, in principle, possible inter-
actions between functional groups in PA 6 and
phenoxy, the DSC and DMTA data show (a) the
lack of effect of phenoxy on the crystallization–
melting behavior of PA 6 as a consequence of
phase separation, (b) an almost complete immis-
cibility of the system, and, as a consequence, (c)
the presence of, besides a crystalline phase, two
amorphous phases: a pure PA 6 phase and an
almost pure phenoxy phase with a slight PA 6
presence in the PA 6-rich blends.

Morphology

The surfaces of cryogenically fractured tensile as
well as those of the tensile and impact fractured
specimens of PA 6/phenoxy blends were observed
by SEM. The surfaces of the cryogenically frac-
tured tensile 80/20, 50/50, 30/70, and 20/80 spec-
imens at 90° and of the 50/50 specimen at 40° are
shown, respectively, in Figure 4(a–e). As can be
seen, and as appearing in the rest of the compo-
sitions, mixing is homogeneous. This fact, the
small dispersed-phase size dispersion, and the
overall small dispersed-phase size indicate ade-
quate mixing despite the lack of a first mixing
step.

As can also be seen, a dispersed phase-matrix
morphology is clearly observed in Figure 4(a,b) for
the 80/20 and 50/50 compositions. The 70/30 com-
position showed a very similar morphology. These
morphologies could not be seen directly in most of
the blend surfaces. However, when the crack
front direction clearly changed, the morphology
was evident as seen in Figure 4(b), where the
transition zone between two crack propagation
surfaces is shown. To assure that this was the
morphology of the whole surface, the phenoxy
phase was selectively etched by immersing the

Figure 3 Glass transition temperatures of the phe-
noxy-rich phase in the blends obtained by DMTA
against composition of the blends.
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Figure 4 Surfaces of cryogenically fractured specimens: (a) 80/20, (b) 50/50, (c) 30/70,
and (d) 20/80 compositions; (e) 50/50 composition at 40°.
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specimens in a chloroform bath for 90 min. Etch-
ing confirmed that the morphologies shown are
those of the whole surface. The contrast between
the dispersed phases was not enough for an auto-
matic measuring method to be used, but an esti-
mation of the dispersed-phase size from represen-
tative micrographs of the tensile specimens yields
mean values that, with the exception of the 30/70
blend, range from roughly 0.3 mm in the 80/20
blend to 0.7 mm in the 50/50 composition.

The morphology clearly changed in the case of
the 30/70 composition of Figure 4(c), where a
fairly cocontinuous structure, close to the phase
inversion, is seen. PA 6 is the matrix which is also
present as inclusions inside the dispersed phe-
noxy-rich phase. The PA 6 nature of the matrix
was tested by selective etching of the phenoxy
phase with chloroform as mentioned before. Fi-
nally, the usual and fine dispersed-phase mor-
phology which is characteristic of minority com-
positions is seen again in the 20/80 composition of
Figure 4(d).

Although not evident in Figure 4(a–d), because
the photographs were taken at 90° from the sur-
face and although some undeformed spheres were
also present, the most often seen morphology was
broken, roughly cylindrical, rods similar to those
of Figure 4(e) in all compositions. This has been
found in other PA 6 blends8 and is probably due to
the flow during injection that is known to produce
not only molecular orientation6,8 as a conse-
quence of shearing, but also dispersed-phase ori-
entation in multiphase systems. This orientation
will affect the large-strain mechanical properties
of the blends, as will be seen below.

The phase inversion appeared to take place
around a 30/70 composition. It is generally ac-
cepted that the composition at which phase inver-
sion takes place is related to the viscosity of the
components. Thus, the equation

h1f2 > h2f1 (2)

has been proposed34 to approximately determine
the blend composition where cocontinuous phases
should appear. Although no viscosity data of PA 6
and phenoxy at the high shear rates usual in
injection molding are available, the torque of the
two components at the molding temperature
(240°C) in a mixing bowl, which is related to vis-
cosity,35 may be used instead of the viscosity. The
link is somewhat indirect, but it has been seen to
be valuable in other polymer blends.35–37 The

torque values may be obtained from the litera-
ture.10,38 However, taking into account possible
batch-to-batch variations, they were measured
again. The blending torques were 3.5 and 7.5 Nm
for PA 6 and phenoxy, respectively. Substituted in
eq. (2), it predicts the phase inversion to occur at
a 32% PA 6 content, in agreement with the SEM
results.

The existence of the phase inversion in the
region of 30/70 composition could also be deduced
from the Vicat temperature measurements which
are collected in Figure 5 against the blend com-
position. Vicat softening temperature measure-
ments have been reported39,40 to provide informa-
tion about the phase behavior of blends. But,
since they are related to the matrix nature, they
also provide preliminary information about phase
inversion. Thus, the presence of a PA 6 matrix up
to 50/50 and of a phenoxy matrix at and beyond
the 20/80 blend composition are seen because of
the rather constant Vicat temperature, similar to
those of the pure polymers. The inflexion point,
where cocontinuous structures should be present,
appears at 60% phenoxy composition. It is fairly
close to the phase-inversion composition esti-
mated by SEM and by the torque ratio of the
components of the blend.

In Figure 6(a,b), selected areas of the fracture
surface of the 50/50 and 20/80 tensile fractured
specimens are shown. They correspond to minor-
ity (25%) zones where the morphology could be
observed, because no dispersed phase was ob-
served in the rest of the specimens due to cohesive
and more brittle fracture. The PA 6-rich compo-
sitions showed morphologies similar to that of
Figure 6(a). The clear fibrilar fracture of the 30/70
composition avoided the need to take photo-

Figure 5 Vicat softening temperature of the blends
against composition.
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graphs. As can be seen, the PA 6 phase of the
blends mainly appears elongated, with particles
oriented perpendicular to the fracture surface.
This postmolding fibrilation of the PA 6 phases
after tensile testing is high, although it was
larger in another PA 6 blend.8 Moreover, it was
not so important after impact testing and was not
observed in pure PA 6.

Finally, the surfaces of the core of the impact
specimens of compositions 70/30 and 20/80 are
shown, respectively, in Figure 7(a,b). The 80/20
and 50/50 blends showed a dispersed-phase mor-
phology similar to that of Figure 7(a). The 30/70
composition showed a PA 6 matrix with slightly
elongated phases, slightly more oriented, as in
the rest of the compositions, in the skin than in

the core. The dispersed-phase size is larger than
that of the tensile specimens (roughly between 50
and 100% larger) throughout the composition
range. This is probably influenced by the longer
time for the dispersed phase to coalesce in the
thicker impact specimens. As can also be seen, the
morphology is rather similar to that of the cryo-
genically fractured tensile specimens of Figure 4.
Taking into account that this is an impact-tested
surface, the initial orientation should be smaller
than in the tensile specimens. Moreover, the
lower ability of the blends to deform under impact
conditions is correlated to the negative behavior
of the impact strength of the blends with respect
to that of the pure components.

Figure 7 Surfaces of impact-fractured specimens: (a)
70/30 and (b) 20/80 compositions.

Figure 6 Surfaces of tensile-fractured specimens: (a)
50/50 and (b) 20/80 compositions.
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Mechanical Behavior

Figure 8 shows the Young’s moduli of PA 6/phe-
noxy blends as a function of composition. Al-
though the experimental values are not far from
linearity, a slight positive deviation can be ob-
served in the PA 6-rich compositions, and a slight
negative one, in the phenoxy-rich side. Positive
modulus deviations are common results of misci-
ble or compatibilized blends, while moduli be-
low additivity may be expected in immiscible
blends,41–43 although linear behaviors6,44,45 or
even positive deviations46–48 have also been
found. This is attributed to the fact that the ad-
hesion between the blend components is usually
good enough to allow efficient stress transfer to
the dispersed phase at the low stress and strain
levels at which the moduli of elasticity are mea-
sured.

Thus, supposing a good enough adhesion for
small strains, three possible parameters are con-
sidered to explain the modulus behavior. These
are blending-induced variations in (a) the free
volume,49,50 (b) the orientation of the blend, and
(c) the crystallinity level of the crystallizable poly-
mer. This is because of the higher modulus
brought about by the lower free-volume content,
greater orientation, or higher crystallinity.

The crystallinity in these PA 6/phenoxy blends
followed a practically linear relationship with the
composition, as is seen in Figure 2 from the melt-
ing heat data. This indicated a practically similar
crystalline content of 30%, both in PA 6 and in the
blends. Moreover, the deviations from linearity
are too small to influence the modulus and oppo-
site to those which would give rise to the modulus

behavior displayed in Figure 8. So, it is not the
reason for the observed modulus behavior. With
respect to variations in orientation, it is known
that the Young’s modulus can be higher when
very high orientations like those attained during
drawing are present. It was estimated in the
mostly amorphous phenoxy and phenoxy-rich
blends by the contraction after maintaining them
above the Tg. Although there was clear (15%)
contraction in the case of pure phenoxy, no signif-
icant contraction was seen in the blends. This
relative slight orientation, and, as a consequence,
the higher modulus of phenoxy, should partially
account for the observed negative deviation of the
modulus of the phenoxy-rich blends.

The free volume, taking into account that PA 6
crystallinity is almost unaffected by blending,
may be analyzed from the density measurements.
Table I shows the composition dependence of the
density of the blends both experimentally and
calculated from the law of mixtures, together with
the typical deviation of each value. Although the
values correspond rather closely to the rule of
mixtures, there are significant positive deviations
from linearity in the PA 6-rich blends and nega-
tive departures in the phenoxy-rich blends. Thus,
densification, that is, free-volume decrease, takes
place where positive deviations of the modulus
are seen and vice versa. As a consequence, free
volume seems to be the main parameter that de-
termines the modulus behavior. This densifica-
tion of the PA 6-rich compositions gives additional
support to the slight miscibilization of PA 6 in
phenoxy previously stated in this composition re-
gion from DSC and DMTA data. Thus, although
there are a number of exceptions6,15,22,51,52 due to
additional concomitant effects, the slight specific
interactions that should give rise to this partial

Table I Experimental and Calculated Densities
(g/cm3) of the Blends

Composition Experimental Calculated
Typical

Deviation

100/0 1.1203 — 0.0003
90/10 1.1257 1.1253 0.0003
80/20 1.1313 1.1302 0.0004
70/30 1.1358 1.1352 0.0008
50/50 1.1459 1.1451 0.0003
30/70 1.1543 1.1550 0.0005
20/80 1.1595 1.1600 0.0003
10/90 1.1646 1.1649 0.0004
0/100 1.1699 — 0.0003

Figure 8 Young’s modulus of the blends against com-
position. The limits correspond to 6 standard devia-
tion.
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miscibilization may be responsible in these blends
for the density and modulus behavior.

The yield stress values are shown in Figure 9.
As usual, the yield stress follows a behavior com-
parable to that of the modulus. Despite the values
slightly below those of the rule of mixtures in very
rich phenoxy compositions, a synergistic behavior
is observed for the rest of the blends. This takes
also place in the cocontinuous 30/70 blend in op-
position to the behavior of the modulus of elastic-
ity that is measured at a much lower strain. This
behavior indicates once again a good phase adhe-
sion between the phases of the blends, despite the
almost full immiscibility. This more positive rel-
ative behavior with respect to the rule of mixtures
of the yield stress compared to that of the modu-
lus of elasticity also took place in other compati-
ble and immiscible blends6,45,46 and is probably
due to the higher effect of orientation on the yield
stress, compared to that on the modulus.53

Figures 10 and 11 show the evolution with
composition of large strain properties—in this
case, break stress and ductility. As can be seen,
the values of both properties are fairly adequately
described by the simple rule of mixtures. In the
case of the tensile strength, this is a consequence
of the post-cold drawing steady increase of stress
with elongation in the tensile test and of the lin-
earity of the plot of ductility. The ductility plot is
not that expected for immiscible blends, which
show, in most cases, clear negative deviations
from the rule of mixtures7,8,42,44,45,51 due to the
lack of interfacial adhesion. This behavior is not,
however, entirely unexpected because it may be
influenced by the rather similar Young’s (Fig. 8)
and Poisson’s moduli (the experimental value of
phenoxy was not available but the calculated54

Poisson’s moduli of PA 6 and phenoxy are 0.40
and 0.39, respectively). This promotes fairly sim-
ilar elongations in the applied stress direction
and similar contractions in the perpendicular di-
rection that do not help debonding.

Additionally, as commented on before, the dis-
persed phases of the tensile specimens were elon-
gated before testing [Fig. 4(e)]. Elongated struc-
tures have a larger deformation ability than that
expected for immiscible blends.6–8 This is because
they allow an increase in the amount of the inter-
facial area per unit volume of the dispersed phase
and, as a consequence, an easier stress transmis-
sion from the matrix to the dispersed phase. This
easier transmission increases the possibility of
the dispersed phase to be further elongated dur-
ing the tensile test and increases ductility in the
flow direction (which, in this case, is also the
testing direction). These structures explain the
good break properties observed for the PA 6/phe-

Figure 10 Break stress of the blends against compo-
sition.

Figure 11 Break strain of the blends against compo-
sition.

Figure 9 Yield stress of the blends against composi-
tion.
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noxy blends. With respect to adhesion, debonding
was produced (Fig. 6), but the elongated morphol-
ogy of the blends of Figure 6 as compared to that
before testing (Fig. 4) shows that the adhesion
level, although probably low as shown by the fiber
surface, is enough to elongate the dispersed
phase. Finally, although the presence of an elon-
gated dispersed phase is probably enough to ex-
plain the observed fracture behavior, it must be
emphasized that the small dispersed-phase size
should also play a role in the observed behavior.
Thus, dispersed-phase sizes below or close to 1
mm have also provided remarkable fracture prop-
erties in other almost fully immiscible blends
such as polycarbonate/poly(methyl methacry-
late)55,56 or partially miscible blends such as poly-
etherimide/polyacrylate.36,57

In Figure 12, the impact strength of the blends

is shown against the composition. The favorable
tensile behavior is not observed in this case. This
is because the impact strength values in Figure
12(a) are clearly below linearity and close in most
compositions to that of the pure phenoxy. This
may be due, besides to a different rate depen-
dence, to (a) the notch sensitivity of phenoxy, (b)
the plane strain conditions, and (c) the morphol-
ogy. To test the possibility of notch sensitivity,
impact tests were also performed on specimens
with a greater notch tip radius (1 mm). The re-
sults are shown in Figure 12(b). As can be seen,
the larger impact strength values indicate the
clearly smaller notch effect. However, the depen-
dence on composition does not change. This indi-
cates that the notch sensitivity of both compo-
nents of the blend is not the reason for the ob-
served behavior. With respect to plane strain
conditions, the sharp notch, high strain rate, and
specimen thickness used in impact tests should
give rise to conditions close to the plane strain
which will be different from the probably mixed58

conditions of the 2-mm thin tensile specimens.
Plane-strain conditions suppress plastic deforma-
tion59 and promote fast, unstable crack propaga-
tion through the phase boundary, resulting in low
impact strength. These different deformation
mechanisms can contribute to the different me-
chanical behaviors observed in tensile and impact
tests.

Finally, with respect to the morphology, the
dispersed-phase size of impact specimens (from
close to 1 mm in the extreme compositions to
roughly 2 mm in the surroundings of the phase
inversion) was clearly larger than that of tensile
specimens. Moreover, it was less deformed before
testing, in part because the more deformed skin
was removed by notching. Compression molding
could provide information related to unoriented
specimens, but the associated different cooling
rates and specific volume would make comparison
of the results difficult. The lower deformation
seen in the dispersed phases of impact specimens
[Fig. 7(a)], which appear approximately as de-
formed after testing, as do the cryogenically
fractured tensile specimens [Fig. 4(e)], is due to
the fact that the thickness of the molding is
critical in achieving high molecular60 and phase
orientation. Both morphological differences are
detrimental and point to morphological reasons
as the main reason for the observed impact
behavior.

Figure 12 Impact strength of the blends against com-
position: (a) notch radius 5 0.25 mm; (b) notch radius
5 1 mm. When the impact values are close to the
detection limit of the apparatus, the error bars are not
shown.
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CONCLUSIONS

PA 6/phenoxy blends with fine and homoge-
neously dispersed phases were obtained by direct
injection molding. Two glass transitions were ob-
served by DSC and DMTA near those of the pure
components, indicating practically total immisci-
bility, with the exception of the phenoxy-rich
phases that showed some PA 6 presence at high
PA 6 contents. SEM showed biphasic structures
with slightly elongated dispersed phases in ten-
sile specimens before testing that, unlike impact
specimens, became fibrilar after tensile testing.
These oriented structures appear to be the main
reason for the observed additive ductility values,
in spite of the immiscibility. Small-strain me-
chanical properties showed a more complex be-
havior, which may be explained on the basis of
blending induced free-volume variations. The de-
fective impact strength is attributed mainly to the
more coarse and probably less oriented morphol-
ogy of the impact specimens.
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Sci Polym Phys Ed 1996, 34, 1055.

16. Jo, W. H.; Kim, J. Y.; Lee, M. S. J Appl Polym Sci
1994, 32, 1321.

17. Christiansen, W. H.; Paul, D. R.; Barlow, J. W.
J Appl Polym Sci 1987, 34, 537.

18. Ahn, T. O.; Lee, S.; Jeong, H. M.; Cho, K. Angew
Makromol Chem 1991, 192, 133.

19. Yamaguchi, N.; Akiyama, S.; Tokoh, M. Kobunshi
Ronbunshu 1996, 53, 842.

20. Kayano, Y.; Keskkula, H.; Paul, D. R. Polymer
1997, 38, 1885.

21. Oshinski, A. J.; Keskkula, H.; Paul, D. R. Polymer
1996, 37, 4891.

22. Lee, J. D.; Yang, S. M. Polym Eng Sci 1995, 35,
1821.

23. Armat, R.; Moet, A. Polymer 1993, 34, 977.
24. Horiuchi, S.; Matcharivakul, N.; Yase, K.; Kitano,

T.; Choi, H. K.; Lee, V. M. Polymer 1997, 38, 59.
25. Ahn, T. O.; Hong, S. C.; Jeong, H. M. Kim, J. H.

Polymer 1997, 38, 207.
26. Gattiglia, E.; Turturro, A.; La Mantia, F. P.;

Valenza, A. J Appl Polym Sci 1992, 46, 1887.
27. Gattiglia, E.; Turturro, A.; Pedemonte, E.; Don-

dero, G. J Appl Polym Sci 1990, 41, 1411.
28. La Mantia, F. P.; Paci, M.; Magagnini, P. L. Rheol

Acta 1997, 36, 152.
29. Seo, Y. J Appl Polym Sci 1997, 64, 359.
30. Erro, R.; Gaztelumendi, M.; Nazábal, J. J Appl
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