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Abstract

In this paper the mechanical behavior of a Polyamide 6 (PA 6)/Montmorillonit (MMT)-nanocom-
posite is examined by a selected structure modification within a numerical parameter study. Ex-
perimental data of tensile tests of three different volume fractions at ambient temperature are
used as reference. These were compared to homogenized stress-strain curves calculated with 3D
representative volume elements (RVE) under periodic boundary conditions. Thereby the curve
areas are considered until the tensile yield strength is reached. Besides the influence of filler
orientation, exfoliation and its volume fraction, especially the adhesive interface behavior be-
tween filler and matrix, and local, partially crystalline interphases around the MMT-plates were
taken into account. The interface behavior was described using a cohesive zone model whereby
the implemented values where derived from a Molecular Dynamics (MD) simulation. The local,
partially crystalline interphases around the MMT plates were modeled with a thickness of 30 - 40
nm. These areas were assumed to be transversely isotropic both in the elastic and in the plastic
regime, whereby the transverse plane is defined by the lateral particle surface. A good approxima-
tion of the experimental curves was achieved only after the introduction of those interphases. In
the elastic regime an excellent agreement is found between experimental and numerical values. In
the plastic regime especially the largest MMT volume fraction investigated, matches perfectly with
the experimental reference, whereby lower filler contents slightly underestimate the mechanical
values.
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1. Introduction

Due to the thermal stability of their mechanical properties, polyamides are regarded to be one of the most im-
portant, super-engineering “materials. The two main types are Polyamide 6 (PA 6) und Polyamide 66 (PA 66)
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[1]. The increasing significance of lightweight constructions in the automotive industry offers an enormous po-
tential for PA6 and PAG66, due to their lower density compared to metals and their special properties compared
to other plastics. Therefore well-known PA producers work on new material and technology solutions for
lightweight constructions [2].

With rising demands on the range of properties of polymer materials, a particular importance is given to the
new development of composites with improved mechanical characteristics. For instance, the combination of po-
lymers with nanofillers, e.g. inorganic clays, promises a new generation of material with improved physical,
mechanical, thermal, electrical and optical properties [3]. One of the biggest advantages of these materials is that
even small volume fractions of nanoscaled clay would lead to enormous modifications of the general composite
properties [3]. Thus, they achieve a lower weight and better processing properties compared to micro fillers [4].
The considerable effect of small filler fractions can be explained by the exceptional huge interacting clay surface,
the presence of a large number of reinforcements and the fixation of polymer chains on the nanoscale. This re-
sults in a big spectrum of different influences on the matrix material [5]. To exploit the maximum potential of
the nanomaterial, the understanding of the basic physical properties is essential. Although significant progresses
have been made in the development of the nanocomposite, the understanding of the structure-process-property
correlations is still a big scientific challenge. The interaction between polymer phase and clay surface has not
been completely investigated. The phase interface behavior complicates the discussion of clay influence due to a
lack of information. Furthermore deformation and failure are not as well investigated as structure and special
properties [6]. The fitting clay surface modification is one of the most important challenges concerning the
processing of the nanocomposite because it influences both the clay dispersion in the matrix and the phase inte-
raction [4]. In the present work, a better understanding of the reinforcement effect of PA6/layered silicate is
provided by a combined numerical and experimental approach.

2. Mechanical Properties

The experimental reference curves are resulting from a tension test (DIN EN 1SO 527-1). To generate local
stress-strain curves, the ARAMIS system was used. The optical system describes a short-distance photogram-
metry, which allows the generation of real, local stress strain curves by the optical persecution of marker coor-
dinates and their correlation with the applied force [9]. In Figure 1 the experimental reference curves of differ-
ent filler contents are shown. Furthermore, a curve of pure PA 6 is depicted. The extent of strain shown in Fig-
ure 1 contains both Young’s Modulus and yield strength of the composite. This part of the stress strain curve
was simulated in the present work.

In Table 1 the strengthening of the MMT is summarized for the different filler contents investigated. It is ob-
vious that little filler fractions lead to an enormous increase of the mechanical values. The Young’s modulus is
nearly doubled, if a filler fraction of 2.76 vol% is considered.
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Figure 1. Experimentally determined stress and strain curves of the in-
vestigated composite containing different filler fractions of clay.
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Table 1. Mechanical parameters of the composites.

Fraction content of MMT (Vol.%) Young’s modulus (MPa) Yield stress (MPa) Yield strain (%)
0 2442 77.8 6
124 3550 98.7 5.7
1.99 4000 103.2 5.3
2.76 4800 108.0 43

3. Morphological Properties

The size of the nanofiller platelets (approximate height of 1 nm and diameter of 100 nm [13]) is in the same
scale as the radius of gyration of a polymer chain. Additionally the polar clay surface interacts with the polar
parts of the polymer chain (carbon amid groups, carboxyl group and amino groups). Both factors lead to the as-
sumption that the polymer chain dynamics are strongly influenced by the MMT inclusions. [7] [12] The clay
induces heterogeneous nucleation during the crystallization process of the polymer. In most cases the orientation
of lamella in the semicrystalline areas around a platelet is described as perpendicular to the lateral particle sur-
face [8]. This kind of orientation is depicted in Figure 2. A silica platelet (green) as well as the lamella orienta-
tion (blue) is indicated as an example. In the present work, the lateral expansion of the semi-crystalline phase is
assumed to be between 15 - 20 nm on each side of the clay layer [5] [8].

The semi-crystalline area around the platelet has been assigned with transverse isotropic material behavior
and the transversal plane complies with the particle surface. The material values used in this work are based on a
publication by P.A. Tzika et al. [10]. Specific adaptations were made, because the values from Tzika et al. de-
scribe a compression test, whereby only the a-PA 6 crystalline was considered. Thus we reduced the Ry; value
because a tension test was simulated assuming that plastic deformation is caused by interlamellar displacements
[11]. We also increased the shear strength values in the transversal plane with the assumption that the y-PA 6
crystalline is the dominating form of the PA 6 crystals. The y-form shows three dimensional hydrogen bonding
between the folding planes whereas the planes of the a-form are only connected by van der Waals forces. Thus,
a higher shear strength results [10]. The parameters used for the transverse isotropic PA 6 phases are summa-
rized in Table 2 and Table 3.

4. Model Generation

All numerical material simulations were performed with a 3D representative volume element (RVE) with peri-
odic boundary conditions. In order to define the “sufficient” RVE size, the minimum size was investigated based
on the work of Gitman et al. using the CHI-square criterion [12]. We found out, that a sample size of 300 nm
edge length results in an accuracy larger than 95%. In all of the simulated FE-Models, 100 platelets were used to
describe the homogenized mechanical properties of the composite. The geometry was created with the program
DIGIMAT/FE. The parameters used to describe the geometry of the composite result from TEM investigations
as shown in Figure 3. The MMT platelets were described as perfect cylinders with a height of 0.94 nm. The
diameters were varied within a normal distribution (average 100 nm; standard deviation 17nm). Thereby com-
pletely exfoliated (50%) and intercalated platelets, consisting of two (38%) and three (12%) layers were taken
into account. In order to describe different volume fractions of MMT the box size was changed. The positions of
the inclusions were chosen randomly by Digimat/FE but the orientations were predefined with an orientation
tensor. Based on the experimental values Geier [13] assumed that the tension rod consist of three areas with dif-
ferent filler orientations. These differences result from the filling process of the tension rod during injection
molding. Due to higher shear forces at the rim the MMT-inclusions are strongly oriented into the flow direction
of the melt in that area and less oriented in the center of the tension rod. Referring to Geier [13] those two areas
are connected with an elliptic superstructure which also shows a high orientation into the flow direction. Due to
the fact that the available true stress-strain (ARAMIS) curves focus only on the rim of the tension rod the as-
sumption was taken that the orientation in the simulated RVEs should be similar to the rim or at least to the el-
liptical superstructure. The resulting geometry is imported in the preprocessor Altair Hypermesh. Since
ABAQUS/Standard only offers linear cohesive elements (COH3D6 and COH3D8) we preferred the use of linear
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Figure 2. TEM image of the core region of an injection
molded PA 6/MMT composite.

TEM-observation of the Partially?ee cutted
composite FE-Mesh

Figure 3. Description of the model generation (TEM picture by [14]).

Table 2. Elastic constants of the transversely isotropic PA 6.

E1 (MPa) E,=E;3 (MPa) Glz = G13 (MPa) Vo1 = Va1 () Vo3 = V32 ()

2442 3150 800 0.53 0.37

Table 3. Hill-Ratios of the transversely isotropic PA 6.

Ru R22=Ra3 Ri2=Ru3 R2s

1.15 1.6 0.9 1.0

elements for the entire models to the use of a contact definition between different element types. In a conver-
gence study it was verified that linear C3D4-Tetraedas, which were taken to discretize the PA6-matrix, achieve
a sufficient accuracy at lower computing time than quadratic elements.

5. Phase Interaction and Surface Effects

Surface and interface effects play an important role concerning processing and mechanical properties of the na-
no composite. From a thermo dynamic point of view, the work of adhesion W, describes the work, which is ne-
cessary to separate wophases in are versible way [15]. The thermo dynamic work of adhesion is proportional to
the local adhesion tension and the range of the surface force on the interface [15]. It is sum of the work consisted
of the dispersion forces W, and the work based on hydrogen bonds Wah [3]:



M. Uhrig et al.

W, =W +w. @)

The range of dispersion is 0.3 - 10 nm and that of hydrogen bonds 0.3 - 0.5 nm [16]. In this work we assumed
a range of approximately 0.85 nm. If W, is exceeded, the adhesive fracture and thus interfacial debonding and
the formation of nanopores will take place. This kind of damage was shown in the TEM-investigations [17].

Implementation of Adhesive Interface Behavior

The adhesive interfacial debonding was modeled with cohesive elements in ABAQUS/Standard. With those
elements, it is possible to idealize complex fracture mechanisms with a “cohesive law” that relates the traction t
across the interface with the separation 6 [18]. The traction separation law is shown in Figure 4.

The cohesive elements are able to take traction their plane (n-direction) and tractions in their plane (shear di-
rections t and s). The properties of the elements can be configured in each load direction by defining the para-
meters of the elements (stiffness, damage initiation criterion, type of the damage evolution). In this work we
used the maximum stress (MAXS) criterion (Equation (2)) to describe damage initiation. Furthermore linear
displacement based softening (Equation (3)) was assumed.
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The material values of the interface were based on a molecular dynamics (MD) simulation and were itera-
tively adjusted to the experimentally determined yield strain. In Figure 5 this multiscale approach is sketched
and the different scales are given. The latter increased in the numerical models with a higher work of adhesion
W,. The final resulting input values are compatible to references in the literature (e.g. W, = 5.279 x 10 % J/m?
[19]). The parameters for all 3 directions (n, t and s) used for the cohesive layer are summarized in Table 4.
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Figure 4. Traction separation law of the cohesive elements.
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Figure 5. Multiscale approach for the adjustment of the interface be-
havior (Tension rod [20]; RVE; MD [21]).
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6. Results

The different input data described in the previous chapters led to a good agreement of experimental and numeri-
cal curves (Figure 6). In the elastic regime the corresponding numerical (cal.) and experimental (exp.) curves
are close together. By trend the numerical results show slightly lower stresses at the same strain values than the
experimental ones. This applies especially to the plastic regime.

In Figures 7-9 the mechanical properties of the investigations are summarized. Figure 7 compares the
Young’s modulus of the numerical models with the Young’s modulus of the experimental data (ARAMIS). Be-
sides the RVEs in which semi-crystalline areas where taken into account, the values for a completely isotropic
PA 6 matrix are also shown. The figure depicts that an excellent agreement with the numerical values is
achieved only after the integration of semi-crystalline areas around each MMT platelet. A non-linear increase of
the Young’s modulus at the highest volume fraction is also observed.

In the plastic regime (see yield strength in Figure 8) a discrepancy between the calculated curves and the
ARAMIS values is observed. A very good agreement for the yield strength is only achieved at the highest vo-
lume fraction (2.76 vol.-%) of MMT. In general the results for the semi-crystalline matrix are closer to the
ARAMIS data than the values that are generated by the isotropic matrix.

In Figure 9 the results for the yield strain are shown. The development of that parameter is also in good
agreement with the experimental results. With increasing filler content the yield strain decreases. With the
semi-crystalline matrix the change of the values is again non-linear.
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Figure 6. Comparison between numerical (cal.) and experimental determined
(exp.) stress-strain curves for different filler contents of MMT.
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Figure 8. Comparison of yield strength for different volume fractions of MMT.
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Figure 9. Comparison of yield strain for different filler contents of MMT.

Table 4. Elastic constants of the transversely isotropic PA 6.

K™ (MPa) K%=K®(MPa) MAXS normal (MPa) MAXS 1%/2" (MPa) Displ. at failure (nm) W, normal (3/m?) W, 1/2" (3/m?)

2442 3150 150 96 0.8 6.5 x 1072 40%1072

However, it must be noted, that the numeric values show a non-linear change for the yield strength which is
not observable in the ARAMIS data. This non-linear change is observed for each parameter investigated
(Young’s modulus, yield strength, yield strain). Since the thickness of the semi-crystalline phases is constant (15
- 20 nm), the percentage of transversely isotropic modelled RVE area increases with the filler content of MMT
and takes a very big part in the models which represent the highest volume fraction (2.76 vol.%). In this context
the nonlinearity is explainable.

The numerical results as well as the experimental findings support the premise that structural changes in the

matrix morphology is caused by the presence of clay. These changes influence the general properties of the PA 6
composite.

7. Conclusion

The three-dimensional representative volume element with periodic boundary conditions and the material mod-
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els used, generated a good description of the experimental stress-strain reference curves. Especially in the elastic
regime there is an excellent agreement. The results of the investigations showed that the overall mechanical
properties of the composite model is influenced by different parameters such as extent of exfoliation, orientation,
filler content, phase interaction and morphology change of the polymer. However, the physics of nanomaterials
could not be described by a linear superposition of the single phase properties. Additionally the specific phase
interaction and modification of the polymer structure have to be taken into account to numerically approach the
considered part of the real stress and strain curves, despite made simplifications.
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