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CREEP BEHAVIOR OF PA6/NBR TPVs
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The influence of compatibilizers and other additives in PA6INBR blends is evaluated in
terms of creep resistance. The results obtained are correlated with density, selective solvent
extraction, tensile strength, DMA analysis, and scanning electron microscopy. Our studies
show an enhancement of dimensional stability of samples with the presence of EVAMA in
the PA6 master batch. On the other hand, better elastomeric behavior is achieved with the
compatibilization process, oxazoline-modified NBR being the best compatibilizer. Also, the
possibility of evaluating a material in conditions near to final applications, through a
shot-time test, with minimal material waste is shown.
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INTRODUCTION

Thermoplastic elastomer vulcanizates (TPV) are highly promising materials
due to their multi-applicability and reprocessability.!"*! TPVs unify the processabil-
ity of thermoplastics and elasticity of elastomers in one unique material. Among the
types of TPV, polymer blends have the greatest potential because of the variety of
materials that can be combined. The most common way to prepare a TPV is
dynamic vulcanization during the blend process, first described by Gessler and
Haslett.”

The blend of polyamide (PA) and nitrile rubber (NBR) is expected to have high
hot oil resistance and good mechanical strength, especially at high temperatures.[*>!
Despite this fact, few works have been published about PA/NBR blends, probably
due to the low thermal resistance of NBR associated to the high temperature neces-
sary to process PA. In previous works, our research group studied the incorporation
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of additives with the aim to improve processability and final properties of PA6/NBR
blends.[

The creep test is an important characterization due to its good simulation
of deformations that occur at final application of the material, being capable of
previewing material performance as a function of time.”® Creep tests are especially
useful for studying materials under very low shear rates or frequencies, evaluating
not only the material, but also the artifact design.”!

Physical aging can be related to creep, i.e., the damage caused due to slow
relaxation of polymeric chains. This aging is different from thermal degradation
because it is thermodynamically reversible. The test would not be directly related
to the physical aging of the material, but a comparison of its behavior can be useful
as an evaluation parameter.!”!

Insufficient knowledge of flow behavior during the solicitation created by the
application can lead to mechanical failure of the final product.'” Yet creep studies
along short time intervals would give information about interfacial interaction in
heterogeneous materials such as polymeric blends.'!) Despite the proved utility of
the creep test in reinforced thermoplastics or vulcanized elastomers,"'? few works
apply this characterization test in TPV materials, which unify both properties.

The aim of this work is to evaluate the effect of additives and compatibilization
in the creep behavior of PA6/NBR blend TPVs. The results follow the evolution of
the material with the objective of obtaining a TPV with dimensional stability and
applicability in more severe conditions than commercial products available in the
market.

EXPERIMENTAL SECTION

NBR (28% w/w of acrylonitrile, Mooney number =60, at 100°C), phenolic
resin SP 1045 (PR), and carboxylated NBR (XNBR) (28% w/w of acrylonitrile,
12% w/w of carboxyl groups) were kindly supplied by Petroflex Ind e Com. PA6
(Radilon S natural, MFI=19.6g/10min, ASTM 1238D, density 1.14g/cm’) was
kindly supplied by Radici Group. Copolymer of ethylene-co-vinyl acetate modified
with maleic anhydride (EVAMA; VA content of 28%, MA content of 0.8% w/w,
MFI =16 g/10min, density =0.95 g/cm3) was purchased from Proquimil Produtos
Quimicos Ltda. Naugard 445, used as antioxidant, was kindly supplied by Crompton
Corporation do Brasil. The other antioxidants, Irganox 1010 and Irgafos 168, were
acquired from Ciba Corporation do Brasil. Stannous chloride (SnCl,) was purchased
from VETEC Corp. do Brasil, and used as received. NBR-oxazoline (NBROXA)
and NBR-epoxy (NBREPO), both with approximately 3 mmol/g of functional
groups, were obtained at our laboratory, through chemical modification of NBR,
in accordance with the procedures described by Almeida et al.!'® and Rocha
et al.,l'¥ respectively.

All blends were prepared by melt mixing in an internal mixer coupled to a
Brabender Plasticorder Rheometer with a Banbury rotor at 80 rpm. Master batches
of PA6 (PA6 MB) were prepared by processing PA6 alone or with 5 phr of EVAMA
at 240°C for 3min. Separately, a master batch of NBR containing 7.5 phr of
Naugard 445 was prepared at 40°C for 3min. The blends were then prepared by
processing the PA6 MB and NBR MB master batches in a proportion of
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Table 1. Blend composition

MB PA6 MB NBR Compatibilizer

Sample code PA6® EVAMA’ NBR’ Naugard 445° NBROXA’ NBREPO” XNBR’

PA6 100 — — — — — —
MBPA 100 5 — — — — —
MBNBR — — 100 7.5 — — —
Mix 1¢ 50 — 50 — — — —
Mix 2¢ 50 5 50 7.5 — — —
Mix 3¢ 50 5 50 7.5 5 — —
Mix 4“ 5 5 50 7.5 — 5 —
Mix 5¢ 50 5 50 7.5 — — 5

“The blends were cross-linked with RF/SnCl, (5: 0.25 phr) system.
bAll quantities in phr.

50:50 wt.% at 220°C for 3 min. Then, the compatibilizer was added and the mixture
was continued for 2min, followed by the addition of the cross-linking system
(RF 4 SnCl,) in a proportion of (5:0.25 phr). After 2 min of dynamic vulcanization,
an additional amount of Naugard 445 equal to 2.5 phr was added and the mixture
was maintained for additional 30s. The total blending time was 10 min. The blend
composition is summarized in Table 1.

The blends were ground in appropriate mills and injected in a semi-industrial
injection-molding machine (Battenfeld Plus 35) with mold pressure of 110 bar,
injection temperature of 240°C, injection pressure of 80bar, and back pressure of
S50 bar. All materials were kept in a vacuum oven at 100°C until constant weight
was reached before each processing step.

Creep samples were obtained from compression molded sheets of approxi-
mately 0.1 mm in thickness and surface dimensions of 6 mm x 30 mm. Creep tests
were realized in DMA Q800, from TA Instruments, in a tension film clamp. The
used conditions were: 25°C; instantaneous tension applied of 0.1 MPa; tension
sustained during 30 min; applied tension instantaneously removed; strain recovery
for 60 min. The time-temperature superposition test was performed at temperatures
between 20° and 140°C, with creep time of 5 min, in consecutive cycles, a tempera-
ture increment of 10°C at each step, with applied tension of 0.1 MPa. The creep
strain curves obtained were used to generate the time-temperature superposition
master curve in a temperature reference of 25°C, through the TA TTS Data
Analysis program.

Tensile strength was measured on an EMIC DL-2000 universal testing
machine, in accordance with DIN 53504 with a speed of 200 mm/min, at room
temperature (25°C) and humidity level of 53%.

Selective extraction was performed in a Soxhlet extraction system. Samples of
approximately 200 mm?® were evolved in filter paper and exposed to refluxed solvent
for 24 h. Toluene was used as a selective solvent to NBR phase, which eventually was
not cross-linked by phenolic resin.

Relative density was calculated from weighing samples in air and absolute
ethanol, in accordance with ASTM D-297 standard.
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Dynamic-mechanical analysis was realized in a Q800 DMA machine,
between —60° and 120°C, at 1 Hz frequency, heating rate of 3°C/min, with a single
cantilever clamp.

Scanning electron microscopy (SEM) was obtained with a JEOL 5610 LV
microscope, by applying 30kV. Samples were cryofractured after 2h of immersion
in liquid nitrogen and stained with osmium tetroxide (OsQy). Stained samples were
covered with carbon and analyzed in a backscattered electron detector.

RESULTS AND DISCUSSION

First of all, it is important to point out that the experiments were realized in
nonlinear conditions, applying an initial tension excessively high relative to film
dimensions. The choice for nonlinear experiment was mainly based on fact that a
real application condition rarely will obey minimal solicitation conditions into the
linear viscoelastic strain range.’

The pure PA sample shows peculiar behavior, presenting ‘‘negative strain,”
which is physically incoherent, as can be seen in Figure 1(a). This behavior can be
associated with the dimensional instability of the sample, which would be caused
by the “memory effect” of polymeric chains. It is important to remember that the
samples are thin films obtained from a thin pressed sheet, i.e., a two-dimensional
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Figure 1. Creep curves for PA6, MBPA, and mixtures: (a) strain, (b) creep compliance, (c) recoverable
compliance.
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strain molding technique. As can be observed in Figure 1(a), once initial tension is
applied, the sample stretches little, but the mobility initiated by the strain allows
the chain relaxation, to shrinkage of film dimensions. At the moment where tension
is removed (30 min of experiment), the initial strain is recovered, and the film con-
tinues to shrink. Indeed, some authors have considered that the amorphous portion
of semicrystalline polymers cannot be in a completely relaxed state, even in tempera-
tures next to glass transition, due to a restriction caused by the crystalline domains.!'!

Influence of Blend and Additives

The relaxation behavior described above is also observed with samples MBPA,
Mix 1, and Mix 2. The strain profile of MBPA changes significantly in relation
to pure PAG6. Besides that, the blend without additives (Mix 1) has more initial
deformation, which is expected due to the presence of NBR.!"?! Nevertheless, Mix
1 flows considerably in time, as can be seen in Figure 1(b). The blend with additives
(Mix 2) shows higher deformation in initial tension.

A best comparison method can be achieved with a slope value calculated
from the last 10 min of creep compliance curves. The obtained values are presented
in Table II. It can be noticed that the presence of additives in the PA phase as well as
the blend with NBR has a decreasing relaxation effect, the EVAMA addition being
more effective. The combination of both, in blends with additives, leads to the lower
slope of relaxation among all samples. This behavior can be related to a stabilizer
effect of the EVAMA additive in the PA phase. The maleic anhydride functional
group in EVAMA is able to react with the amine terminal group of PA6. The
reaction is widely described in the literature and frequently associated with increases
in mechanical properties of polymeric blends, especially for yield tension.!'”
The molecules generated by the reaction are different than the crystallizable
phase of the blend, and tend to be excluded from the organized structure during
the crystallization process. If the relaxation phenomenon occurs due to instability
of the amorphous phase, as cited before, it is reasonable to suppose that the reaction
product between EVAMA and PA6, probably located in the amorphous phase, acts
to decrease this effect.

The recoverable compliance decreases with the presence of additives, as can be
seen in Figure 1(c). It is possible that the nature of the additive, mainly the EVAMA,

Table II. Slope values on last 10 min of creep compliance curves

Slope (um?/(N - min))

Sample Compliance TTS (1079
PA6 —882 —
MBPA —417 —
Mix 1 —601 —
Mix 2 -390 —
Mix 3 13 1.00
Mix 4 23 2.25

Mix 5 34 1.24
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is responsible for this ““viscous” behavior. It is important, at this point of the
discussion, to separate the stabilization effect of EVAMA in the dimensional
relaxation from its influence in recoverable compliance. In the first case, we discuss
a phenomenon of steric molecular state, where the macromolecules are not in
their “more stable” molecular arrangement and the reaction with EVAMA leading
to a more “‘static” system. In addition, we discuss the rheological effect of a less
elastomeric component, such as EVAMA, in the flow behavior of the molecules of
the whole blend as one. The same additive acts on the two separated effects.

Influence of Compatibilization

Figure 2(a) presents the strain profile of compatibilized samples. The relaxation
effect is completely absent in the compatibilized samples. The Mix 4 sample presents
higher deformation, but, nevertheless, good strain recovery. The compliance is
comparable for Mix 3 and Mix 5, as can be seen in Figure 2(b). The compliance
is lower for these samples, indicating more strain resistance of the blend. NBROXA
and XNBR may act as better compatibilizers than NBREPO, leading to a better
distribution of NBR domains, and consequently better strain resistance.
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Figure 2. Creep curves for compatibilized samples: (a) strain, (b) creep compliance, (c) recoverable
compliance.
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The recoverable compliance is comparable for these samples too, as seen in
Figure 2(c). Mix 3 and Mix 5 show lower recoverable compliance than Mix 4. The
recovery of strain is usually associated with a good interaction between blend
phases.['%1%15] The compatibilization process does not always produce good interfa-
cial adhesion, leading to good interphase interaction. However, this could not be the
only effect considered here, since we are dealing with a complex system, with a large
number of components and variables.

The unexpected lower recoverable compliance can be explained by the hypoth-
esis that the compatibilizer system influences the cross-linking process, decreasing
the cross-link density and allowing a more viscous behavior. The influence of a
compatibilizer in the cross-linking process is cited in the literature.!'®

Creep TTS

The projection through time of the creep behavior is shown in Figure 3. Mix 4
maintains the higher strain level, with higher relaxation slope. The TTS master
curves clarify differences between Mix 3 and Mix 5, too slight to discriminate the
samples. Mix 3 shows a higher deformation, with greater slope of steady-state
curve portion (after 100 h). Mix 3 is less deformable, showing less strain variation
with time (values presented in Table II).

The horizontal shift (x-shift) parameter can be associated with thermal
activation energy.'”! The x-shift value is lower for Mix 4 at temperatures below
70°C. Above this temperature, the values of x-shift are lower for Mix 3 sample
instead. The change in behavior occurs in the temperature interval of the glass tran-
sition temperature (T,) of the PA phase. This indicates that the presence of oxazoline
groups makes the sample more sensitive to changes in the PA phase state. The
effect can be the consequence of better compatibilization efficiency. Mix 5 sample
has the lowest values of x-shift within the whole temperature range, which is in
accordance with the higher deformation in time.
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Figure 3. TTS results for Mix 2-5 samples: (a) creep TTS, (b) x-shift factors.
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Figure 4. Loss modulus curves for non-compatibilized and compatibilized samples.

Correlation with Other Characterization Methods

The hypothesis of a higher interaction of Mix 3 with the PA phase can be
corroborated by dynamic mechanical analysis (DMA) curves. The graphic presented
in Figure 4 shows a shift in T, peaks. The non-compatibilized sample (Mix 2) shows
two loss modulus peaks. The first one, at —20°C, is related to the NBR phase of the
blend. The second one, at 14°C, is related to the PA6 phase. It is interesting to note
that the compatibilization generates an “NBR phase second peak” at lower tempera-
tures. This peak is related to the compatibilizer formed “in situ.” The compatibiliza-
tion process also changes the PA6 peak shape, decreasing its intensity and
broadening it. The width of the peaks, however, is hard to differentiate by the naked
eye. Thus the full width at half maxima (fwhm) of the peaks was calculated, and the
values are shown in Table III. It can be noticed that all peaks are broader than
those of the non-compatibilized blend. Mix 3 has a T, peak for the PA phase broader
than that of other samples, indicating higher interaction between phases.["® " This
interaction would be greatly affected by the mobility of PA phase macromolecules.
Above T,, the molecular mobility increases, decreasing the capacity of compatibili-
zer phase formed in situ to interact with the PA phase.

Table III. Physicochemical and mechanical properties of compatibilized samples

Tension strength

Density Residual mass of
fwhm  (+0.030g/ em?)  extraction in toluene (+3%) o (MPa) & (%) E (MPa)
Mix 2 19 1.036 100 1592+1.24 162+39 212+54
Mix 3 27 1.747 100 13.60+0.30 201+11 234+27
Mix 4 23 0.999 91 1209+1.77  210£19 276 +80

Mix 5 24 1.019 89 1220+0.80  163+10  306+53
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Table III also shows the values of density, residual mass in toluene extraction,
and tensile strength of compatibilized samples. Only Mix 3 shows a significant dif-
ference in density. This fact can be a consequence of better compatibilization effect
or cross-linking efficiency. Toluene is a selective solvent for non-cross-linked NBR.
The higher value of residual mass for Mix 3 sample confirms the higher efficiency of
the cross-linking process. The residual mass for Mix 4 and Mix 5 is lower than that
of the non-compatibilized sample, which corroborates the hypothesis of compatibi-
lizer influence in the cross-linking system cited above.

Since the influence of the oxazoline group in the cross-linking system was
excluded by the selective extraction, the lower recoverable compliance for Mix 3
should be correlated to other factors. Sailer and Handge®!! comment that two
opposite effects must be considered in the strain recovery of compatibilized blends.
Smaller domains, obtained by the compatibilization process, will stretch less, leading
to lower recovery. On the other hand, the increase of compatibilizer content in the
interphase of the domain of the same size leads to an increase of recoverable strain.
Other authors comment that compatibilization decreases the kinetics of recovery,
and the effect is more pronounced when the difference of viscosities of the compo-
nents is high, as in the discussed case.l*”

SEM images (Figure 5) were obtained for Mix 2 and Mix 3. The images
confirm the better domain dispersion in the compatibilized blend. The PA6 phase
appears in the image as the brighter regions. The size of NBR domain changes from
approximately 10 um in the non-compatibilized blend to approximately 4 um in the
compatibilized blend. According to the discussion above, this may be the first factor
for recovery decrease. However, the strain resistance demonstrated by the creep com-
pliance is comparable for Mix 3 and Mix 4, indicating that these samples could
have similar morphology. In this case, the effects in Mix 3 should be more complex.
The oxazoline group shows greater improvement in density and tensile elongation,
indicating better interfacial adhesion efficiency. The slowdown of compatibilization
in recovery kinetics can explain the similar behavior of Mix 3 and Mix 5. The best
compatibilized blend will recover deformation at slower rates. So, in the same
time interval, the change in compatibilized blend makes the strain profiles of the
two samples appear very similar. This hypothesis can be corroborated by the lower
slope value in the master curve of Mix 3 TTS data.

(b)

Figure 5. SEM images of (a) Mix 2 and (b) Mix 3 samples.
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CONCLUSION

Our work demonstrates that creep test can be a good parameter for evaluating
the influence of additives and compatibilization system efficiency in the final proper-
ties of TPV material, with good correspondence with other characterizations,
like tensile strength, density, and morphology. EVAMA increases the dimensional
stability of films. Oxazoline compatibilization has the best conjunction of results,
showing good efficiency in increasing strain resistance and low interference in the
cross-linking system. The strain recovery results show some incoherence, which
was correlated with slower recovery kinetics. The creep test shows itself a fast, easy,
and low-cost way to evaluate the TPV performance under conditions similar to a
final application, being influenced by all aspects studied by other techniques.
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