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Abstract

A multiscale repeating unit cell model of a single spherulite containing four disparate length scales
was developed to predict the thermoelastic behavior of semicrystalline thermoplastic materials for
composite aerospace applications. The continuum level scales were fully coupled and modeled using the
generalized method of cells and the high fidelity generalized method of cells micromechanics theories.
Data from molecular dynamics simulations were used as inputs for the amorphous and crystalline
constituents in the multiscale continuum models. Effective Young’s modulus, shear modulus, Poisson’s
ratio, coefficient of thermal expansion, and thermal conductivity were predicted for polyether ether
ketone and polyether ketone ketone, showing good agreement with the available experimental data from
the open literature. Moreover, it is shown that predicted properties are fairly insensitive to the fidelity of
the micromechanics model used at the highest continuum scale or the assumed shape of the spherulite.

NASA/TM-20240015672 1



1.0 Introduction

Thermoplastic materials, including polyether ether ketone (PEEK) and polyether ketone ketone
(PEKK) are high-performance semicrystalline polymers used in aerospace applications because of their
excellent properties including toughness, resistance to aging, and manufacturability. The increased
interest in these materials is evident by several recently established NASA projects that focus on the use
of thermoplastic composites for both aeronautics and space applications. The resulting crystallinity in a
neat semicrystalline thermoplastic or thermoplastic composite is a result of the processing conditions
(i.e., time and temperature) and has a significant influence on the thermomechanical properties. For
example, there is about a 30 percent measured difference between the Young’s modulus of amorphous
PEEK and fully crystallized PEEK (Ref. 1). This is a product of the highly directional properties of the
thermoplastic crystallites, as compared to the isotropic amorphous phase. Moreover, the radius of the
spherulites is relatively large, on the order of that of a carbon fiber, and the semicrystalline morphological
structure of the spherulites are quite complex and contain sever relevant length scale. Finally, the
presence of carbon fibers in a thermoplastic composite can heavily influence the crystallization kinetics
and final microstructure in the matrix. To design improved composite matrix materials incorporating
thermoplastics, a thorough understanding of the coupling between the molecular structure, continuum-
level microstructure, and the resulting bulk response of the thermoplastics is imperative.

A recent review paper collected information on the morphology of neat PEEK and PEKK near a
carbon fiber interface and the influence of crystallinity on Young’s modulus (Ref. 1). Wherever relevant,
comparisons of PEKK to the more extensively studied PEEK were drawn. Talbott et al. demonstrated
experimentally that Young’s modulus, shear modulus, tensile yield strength, and shear yield strength
increase as the relative crystalline content of PEEK increases (Ref. 2). More recently, similar
measurements have been made for PEKK (Ref. 3). Despite these initial efforts, more experimental
research is needed to provide a better understanding of the effect of molecular structure on bulk properties
of PEKK and PEEK.

Computational simulation techniques can also be used to establish structure-property relationships for
thermoplastic materials and supplement experimental data. Specifically, molecular dynamics (MD)
simulation techniques are well-suited for predicting bulk-level properties of single-phase polymers based
on molecular structure (Refs. 4 and 5). However, MD simulation techniques alone cannot predict the bulk
level properties of semicrystalline materials because the characteristic length scales (i.e., crystallites,
granular crystalline blocks (GCBs), lamellae, spherulites) of these materials (microns) is orders of
magnitude larger than those that can be tractably simulated with MD models (nanometers).

An early multiscale model for thermoplastic composites was presented by Chapman et al. to examine
residual stresses in carbon/PEEK laminates (Ref. 6). At the crystalline/amorphous scale in the PEEK
matrix, this work employed the micromechanics model of Ogale and McCullough, which considered the
aspect ratio and a random orientation of the crystalline phase (Ref. 7). Based on these homogenized
PEEK matrix properties, Chapman et al. (Ref. 6) then used rule of mixtures type models for the
unidirectional ply (including viscoelastic effects in the transverse direction) and lamination theory to
obtain the macroscale laminate thermo-mechanical response. In more recent years, there have been
several analytical micromechanics models presented in the literature for predicting the properties and
response of semicrystalline thermoplastics based on the properties of the amorphous and crystalline
constituent phases. For example, Guan and Pitchumani used an ellipsoidal Mori-Tanaka micromechanics
model to predict the Young’s moduli of semicrystalline polyethylene and syndiotactic polystyrene as a
function of crystallinity (Ref. 8). Their results showed the importance of capturing the semicrystalline
microstructure for predicting accurate elastic properties. Bédoui and co-workers used several classical
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micromechanics homogenization methods to predict the effective elastic properties of semicrystalline
isotactic polypropylene, polyethylene, and polyethylene terephthalate (PET) (Ref. 9). They then extended
this investigation to consider the viscoelastic behavior of PET (Ref. 10). Gueguen et al. compared Mori-
Tanaka, double-inclusion, and self-consistent micromechanics models for predicting the elastic properties
of semicrystalline polyethylene based on the amorphous and crystalline phases (Ref. 11). Gliige et al.
used an uncoupled, two-step homogenization approach, including orientational averaging, to predict the
effective Young’s modulus of semicrystalline isotactic polypropylene as a function of crystallinity

(Ref. 12). van Dommelen et al. extended existing micromechanics methods to include viscoplasticity and
large deformations to investigate the response of high-density polyethylene and PET (Ref. 13).

The literature indicates that more emphasis has been placed on analytical and semi-analytical
micromechanics models for semicrystalline thermoplastics as opposed to numerical, finite element
method (FEM) models. Examples of FEM-based micromechanics models for semicrystalline
thermoplastics include the work of Hsia et al. (Ref. 14), Doyle (Ref. 15), and Poluektov (Ref. 16). Of
course, this approach requires meshing of the microstructure and tends to be more computationally
demanding, particularly when considering multiple scales. Finally, Jin et al. (Ref. 17), in addition to
presenting a comprehensive investigation of PEEK semicrystalline microstructure, developed a relevant
MD model of the crystalline phase that incorporated imperfections.

To simulate semicrystalline polymer materials effectively, a multiscale approach can be used in
which the amorphous and crystalline phases are modeled separately using MD, and multiscale
micromechanics is subsequently used to obtain the bulk properties using repeating unit cells (RUCs) that
represent the spatial, and hierarchical, arrangement of these phases at larger length scales. An integrated
framework allows for engineers both to design with the material and design the material itself. It has been
demonstrated previously that MD modeling coupled hierarchically with the multiscale generalized
method of cells (MsGMC) can be used to accurately predict the mechanical properties of semicrystalline
PEEK (Refs. 18 and 19). These papers presented the methodology for establishing well-equilibrated
amorphous and crystalline PEEK MD models with the Reactive Force Field (ReaxFF) (Ref. 20), as well
as the procedure for predicting the mechanical response of each phase at the molecular level. The
crystalline PEEK MD results were compared with density functional theory (DFT) results for validation.
This study also presented the methodology for modeling the semicrystalline structure of PEEK with the
MsGMC module of the NASA Micromechanics Analysis Code/Generalized Method of Cells
(MAC/GMC) using the simulated molecular response as input (Refs. 21 and 22). Following this, the
predicted mechanical properties were compared to experiment for model validation for one value of
crystallinity. The multiscale modeling methodology was later extended to semicrystalline polyamide 6
(Ref. 23).

The multiscale continuum model for the semicrystalline spherulite has been further matured using the
multiscale recursive micromechanics (MsRM) framework within the NASA Multiscale Analysis Tool
(NASMAT, https://software.nasa.gov/software/LEW-20244-1) software package developed at the NASA
Glenn Research Center (Refs. 24 and 25). The MsRM framework within NASMAT offers more
flexibility than MsGMC in MAC/GMC because it allows for any micromechanics theory to be deployed
at any scale in an integrated manner, i.e., two-way coupling including homogenization and de-
homogenization, or localization. Thus, the high fidelity generalized method of cells (HFGMC) can be
utilized at the highest scale to capture the local fields arising from the presence of a spherical inclusion
more accurately, but at an increased computational cost, while the generalized method of cells (GMC) can
be retained for all additional subscales. Moreover, the original MsGMC model for PEEK utilized a cubic
shape for the spherulite. With GMC, the sharp comers of the cubic inclusion do not influence the local
fields. However, these stress concentrations are captured with HFGMC. Therefore, a more realistic,
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spherical model for the spherulite was also generated. Finally, to predict the effective thermal
conductivity of semicrystalline materials, a generalized HFGMC solution for physics governed by vector-
based constitutive laws has been implemented into MsRM within NASMAT (Ref. 26). The inputs for the
crystalline and amorphous phase properties are obtained from MD results from Pisani, et al. (PEEK), and
more recently, Kemppainen et al. (PEKK) (Refs. 18 and 27). The work presented here represents a purely
computational workflow for predicting effective thermoelastic properties as a function of crystallinity,
and it is validated against experimental data where available.

The focus of the current work is to evaluate the different MsRM modeling strategies for their ability
to predictive effective thermoelastic properties of semicrystalline thermoplastics. As such, it is also
important to understand modeling requirements, theoretical restrictions, and computational performance
of the models. The current paper is arranged as follows. A summary of the HFGMC homogenization for
physics governed by vectorized constitutive laws is given in Section 2.0. Details on the MsRM model for
the spherulite are given in Section 3.0. The predicted stiffness, coefficient of thermal expansion (CTE),
and thermal conductivity properties for PEEK and PEKK, as a function of crystallinity, are presented in
Section 4.0, followed by conclusions in Section 5.0.

2.0 Generalized HFGMC Solution for Physics Governed by Vector-Based
Constitutive Laws

A new version of the HFGMC micromechanics theory was formulated for many different physical
phenomena governed by vector constitutive laws, such as heat transfer, in Bednarcyk, et al. in composite
materials (Ref. 26). The second-order temperature (or potential) field used in HFGMC provides coupling
that is absent in GMC, which is first-order. This enables, for example, the more physical redistribution
among the heat flux components as the heat flow follows its natural, often tortuous, path through the
microstructure of a material. For the classical formulations of GMC and HFGMC, the reader is referred to
Aboudi et al. (Ref. 22). This enabled, in addition to the standard mechanical problem, (1) homogenization
to obtain effective composite properties and (2) localization to obtain local field quantities for thermal and
electrical conductivity problems, magnetic permeability problems, diffusion problems, and problems
involving fluid flow through a porous medium. The constitutive equations for all these physical
phenomena can be written in a common form as,

Y=-ZVy=72X (D
where, for example, in the case of the thermal conductivity problem, this represents Fourier’s Law,
q=-xVT 2

where q is the heat flux vector, k is the second-order thermal conductivity tensor, and 7 is the
temperature, so,

Y =q, w=T, Z =K, X=-VT 3)

Similar analogies can be made for all the physics described above, and, by simply using the correct input
properties for the constituent materials, the effective composite properties associated with any of the
physics can be determined via the HFGMC homogenization procedure. Likewise, by considering
application of the appropriate global field quantities (for example, global composite heat fluxes), the local
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field quantities for any of the physics can also be determined by HFGMC (for example, the local heat
fluxes and temperature gradients in the constituents throughout the composite). Z thus represents a
general property tensor, while Y and X are the field variable vectors. Note that, for all the physics, the
governing equation is given by,

V-Y=0 “4)

In MsRM, see Figure 1, the scales are linked by equilibrating the homogenized fields and properties
(global strain, stress, and stiffness tensors for the mechanical problem and global temperature gradient,
heat flux, and thermal conductivity tensors for the thermal problem, for example) at level i to the
analogous local fields and properties of a given sub-volume at level i+/ (with appropriate transformation
to account for the potential coordinate system change from scale to scale). Hence, starting with the lowest
scale (k) microstructure (see Figure 1), whose sub-volumes contain only monolithic materials, the
effective stiffness (C) or multiple physics property (Z) tensors can be calculated. This stiffness or
property tensor (after appropriate coordinate transformation) then represents the homogenized material
occupying one of the sub-volumes within a composite material at the next higher length scale. Given the
transformed effective stiffness (C) or property (Z) tensors of all sub-volumes at this next higher length
scale, the effective stiffness and property tensors of the composite at this level can be determined. These
stiffness and property tensors can then be transformed and passed along to the next higher length scale,
and the process repeats until the highest length scale considered (0) is reached.

As an example, for an MsRM analysis considering three length scales (0, 1, and 2), the overall
effective stiffness tensor can be written as,

() (@)
Ci =2, (1) X, (Tf)_IZvaZC(f”Ai““”} AL Ay )
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whereas the effective property tensor can be written as,

1 0

) a

(en) (@) (6)
v Z(zaz)Alz\”P(az):| AMP(O‘I) AMP(”‘O)

Z,=Yv, {(Tzl ) v {(Tzz )

Here, A;W(a") and Afup(“") are the mechanical problem and multiple physics problem concentration

tensors, respectively, which map the global applied fields to the local fields. Tzi and Ti are the

appropriate second and fourth order coordinate transformation matrices, v, is the volume fraction of

sub-volume ¢;, and Cga") and Zga‘) are the stiffness and property tensors of sub-volume ¢; at level i. Note

that in Equations (5) and (6), the superscript on the bracketed terms indicates that all variables within the
brackets are a function of the sub-volume indices from the next higher length scale (including lower scale
volume fractions and sub-volume indices). The intent of this notation is to fully define the sub-volume at
a given scale as one progresses down the length scales. Note that multiscale localization equations for
both the mechanical and multiphysics problems provide the field variable at any level (Ref. 25).

3.0 Multiscale Recursive Micromechanics Model for Semicrystalline
Thermoplastics

3.1 Hierarchy of Multiscale Model

The hierarchy of the relevant length scales in the thermoplastic is depicted in Figure 2(a), and the
geometry of the associated micromechanics models are shown in Figure 2(b). In Figure 2(a), the
crystallite and amorphous constituents are represented in blue and peach, respectively. Four disparate
length scales, Levels 0 (highest) — 3 (lowest), were explicitly considered. Within the MsRM (e.g., Egs. (5)
and (6)), the appropriate transformations were performed to ensure that the x'-)’-z' coordinates
(see Figure 2(b)) are aligned across the scales, where the superscript i indicates the scale at which the
coordinate system operates. The thermoelastic properties of the crystallite and amorphous phases
(Level 3) were calculated using MD, see Section 3.2 (Refs. 18 and 27). These properties were then used
as the input for Level 2. The thermoelastic property calculations at the continuum scales (lamella/Level 2,
lamellae stacks/Level 1, and spherulite/Level 0) were fully coupled using MsRM in NASMAT. GMC was
used to model the granular crystalline blocks (GCBs), within Level 2, using two subcells by two subcells
(2 x 2), doubly periodic, RUCs containing a crystallite subcell (blue) surrounded by three amorphous
subcells (peach). The effective properties of the lamellae were computed through homogenization of the
GCB. The lamellae stacks (Level 1) were also modeled with 2 x 2, doubly periodic, RUCs containing a
single subcell utilizing the homogenized properties of the lamella from Level 2 and 3 amorphous subcells.
In turn, the effective homogenized properties of Level 1 were used as subcell properties within the
spherulite at Level 0.
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Figure 2.—Hierarchy of relevant length scales (constituent (phase), lamella, lamellae stacks, and spherulite) present
in a semicrystalline thermoplastic. (a) Geometric idealizations. (b) Geometry used in micromechanics models.
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TABLE . —SUMMARY OF MsRM MODELS

Materials Shape of Spherulite | Level 0 Micromechanics Theory
PEEK/PEKK Sphere GMC
PEEK/PEKK Sphere HFGMC
PEEK/PEKK Cube GMC
PEEK/PEKK Cube HFGMC

During solidification of the thermoplastic, the lamellae stacks in the spherulite grow radially outward
from a nucleation site as the material is held at the crystallization temperature. The spherulites exist in an
amorphous matrix phase which also occupies the volume between the lamella stacks. The amount of
inter-spherulite matrix is dependent on how long the material is held at the crystallization temperature
(Ref. 32). Manufacturing processes, such as annealing and quenching, may be utilized to affect the overall
crystallinity and morphology. To predict the thermoelastic properties as function of the material
microstructure accurately, it is important that the local crystallinity within the domain of the spherulite v.
and the overall crystallinity y are approximated well in the multiscale model.

Seminal work in the development of this multiscale modeling strategy utilized triply periodic GMC at
Level 0 to model the spherulite and assumed a pseudo cubic spherulite shape (Refs. 18 and 32). This
strategy works well for predicting effective properties and is relatively insensitive to the shape of the
spherulite due to the lack of normal-shear coupling inherent in GMC. However, with an eye towards
predicting material nonlinearity, the current work also utilizes triply periodic HFGMC to perform the
homogenization at Level 0, but with an added computational expense. The normal-shear coupling
retained with HFGMC will introduce stress concentrations at the sharp corners of the cube, similar to
FEM. Thus, the inclusion was also modeled as a voxelized sphere, as shown in Figure 2(b). For
consistency, an MsRM model containing a spherical spherulite analyzed with GMC was also considered.
A summary of the models presented in the work is given in Table .

A unique aspect of the employed multiscale approach is its ability to capture the gradient in
crystallinity within the spherulite. Because the crystallinity is denser within the core of the spherulites
(Figure 2(b)), as opposed to near the perimeter, the Level 1 RUCs that were coupled to the Level 0
subcells near the core were assigned a lower volume fraction of amorphous subcells. This is depicted in
Figure 2(b) using a color gradient within the spherulite at Level 0. Two example RUCs for the lamellae
stacks are shown at Level 1 containing subcells colored to the corresponding colors of the parent subcells
at Level 0 (e.g., red and blue). Moreover, the relative volume fractions of the lamellae within the lamellae
stacks display the increased density of the lamellae near the core of the spherulite.

To achieve this gradient in crystallinity for the spherical model, it was assumed the core of the
spherulite has a local crystallinity of 0.85, which was estimated based upon the 0.862 crystallinity of the
GCB (Ref. 18). Then, the density of the lamellae stacks decreases in subcells as the radial distance from
the center of the RUC increases, effectively controlling the local crystalline volume fraction v.. The
volume fraction of the lamellae subcells in the lamellae stacks (Level 1) are optimized to ensure the
correct overall v, while the correct orientation of the lamellae stacks that form the spherulite is also
ensured. Figure 3 shows the algorithm used to generate the MsRM model and write the NASMAT input
file for the spherical model. The cubic model is based upon previous work. For details on that algorithm,
the reader is referred to Reference 18.
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Figure 3.—Algorithm for constructing the MsRM model and writing the NASMAT input file.

3.2 Modeling Inputs

The thermoelastic constituent properties (amorphous and crystalline phases) of the models were
obtained from MD simulations at room temperature and used in the continuum MsRM models as the
primary material parameter inputs. The PEEK properties were averaged from statistical data calculated
using MD (Ref. 18). Values for Young’s modulus E,, shear modulus G,, and Poisson’s ratio v, of the
amorphous phase of PEEK are presented in Table II. Note, the results from the MD simulations are
stochastic and not necessarily isotropic. The data in Table II represents the average values of the Young’s
modulus, shear modulus, and Poisson’s ratio from all the MD simulations. The average orthotropic
properties of the crystalline PEEK (Young’s modulus £j;, shear modulus Gy, and Poisson’s ratio v;) are
given in Table III. The subscripts i, j represent the direction at Level 3 (see Figure 2, x°, y°, 2°).

More recently, properties of PEKK 7002 were predicted with MD, which has a terephthalic acid (T)
or isophthalic acid (I) ratio of 70/30 (Ref. 27). The average amorphous values are given in Table [V
including the CTE o, and thermal conductivity x,. Unlike PEEK, crystalline PEKK can exist in various
forms, i.e., Form 1, Form 2i, and Form 2ii which are described and modeled with MD in Kemppainen
et al. (Ref. 27). Since it was uncertain what crystalline forms existed in the material used to produce the
data for validation, the averages of values (see Table III) for the properties of the different forms are used
in the predictions here (Ref. 3). Only the longitudinal values of thermal conductivity . for the crystalline
PEKK unit cells were calculated using MD (Ref. 27). Since thermal conductivity is affected by bond
stiffness and van der Waals interactions, the thermal conductivity in transverse directions x,y, .- in
Table IV was estimated by scaling the longitudinal thermal conductivity . by the ratio of the stiffnesses
E,/E... The CTE in Table IV was calculated as a volumetric quantity; so, the same value is used for all
directions in the crystalline PEKK.

NASA/TM-20240015672 9



TABLE IIL.—THERMOELASTIC CONSTITUENT
PROPERTIES OF AMORPHOUS PEEK AND PEKK
OBTAINED FROM MD (REFS. 18, 19, AND 27)

Property PEEK PEKK
Eq (GPa) 3.62 (Ref. 18) 3.20 (Ref. 27)
G.(GPa) 1.28 (Ref. 18) 1.09 (Ref. 27)
Va 0.38 (Ref. 18) 0.44 (Ref. 27)
aa (1/°C) 6.07E-5 (Ref. 19) | 5.59E-5 (Ref. 27)
Ka (W/(m-K)) | ---m-mmmmmmmmmmmeeee 0.43 (Ref. 27)

TABLE III.—ELASTIC CONSTITUENT PROPERTIES

OF CRYSTALLINE PEEK AND PEKK OBTAINED
FROM MD (REFS. 18 AND 27)

Property PEEK (Ref. 18) PEKK (Ref. 27)
E. (GPa) 117.0 137.1

E,, (GPa) 851 3.23

E:: (GPa) 8.37 3.81

G- (GPa) 1.52 3.33

G- (GPa) 1.4 3.39
Gy (GPa) 0.89 2.08

Vyz 0.5 0.41

Viz 1.92 0.11

Vxy 0.69 0.54

TABLE IV.—AVERAGED THERMOELASTIC CONSTITUENT PROPERTIES OF THE DIFFERENT
FORMS CRYSTALLINE PEEK AND PEKK (REFS. 19 AND 27)

Thermal Property | oxx(1/°C) | oyy(1/°C) 0z (1/°C) K Kyy Kz
(W/(m-K)) (W/(m-K)) (W/(m-K))
PEEK (Ref. 19) 4.29E-5 1.44E-4 —7.33E-6
PEKK (Ref. 27) 8.52E-5 8.52E-5 8.52E-5 2.80 0.049 0.049
NASA/TM-20240015672 10




4.0 Prediction of Thermoelastic Properties as a Function of Crystallinity

The thermoelastic properties as a function of crystallinity for PEEK and PEKK, predicted with the
four models described in Table I using NASMAT and discretized at the highest scale, based on a
convergence study, with 32 x 32 x 32 subcells are presented in this section. Experimental data available in
the open literature on these materials is extremely limited, but the computational results have been
compared to experiments when available.

The effective Young’s modulus E predicted as a function of y is shown in Figure 4 for PEEK and
PEKK. All models show excellent agreement with the test data (Refs. 2 and 3). The HFGMC models
predictions exhibit a slightly stiffer response than GMC and tend to be more accurate with an increase in
crystallinity. Moreover, the HFGMC results exhibit a convex behavior similar with the experimental data.
In Figure 4(a), all models predict a higher modulus than the single experimental data point at a
crystallinity of 0.16. However, this data falls within the experimental scatter presented in Reference 2.
The shape of the geometry of the spherulite seems to have minimal influence on the Young’s modulus.
This indicates it is primarily influenced by the crystallinity, and not the geometry, of the spherulite.
Further studies are needed to understand the effects on spherulite packing and morphology. The
predictions for the Young’s modulus of PEKK are plotted against the experimental data in Figure 4(b)
and are in very good agreement. Note, the experimental data presented in Figure 4(b) is an amalgamation
of data for three different forms of PEKK (6002, 7002, 8002), whereas the predictions strictly utilized
properties predicted for PEKK 7002. The same discrepancies and trends among the GMC and HFGMC
models, with the different geometries, are observed in the predictions for PEKK as for PEEK. Differences
between the predictions of HFGMC and GMC of the observed magnitude and trend are expected due to
the mismatches in properties between the crystalline and amorphous phases, along with the fact that the
microstructure is discontinuous. It is well established that the first-order nature of GMC renders its
predictions more approximate under such conditions (Ref. 22).
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Figure 4.—Predicted effective Young’s modulus as a function of crystallinity compared to available experimental
data (Refs. 2 and 3). (a) PEEK. (b) PEKK.
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Figure 5 shows the predictions for the effective shear modulus G of PEEK and PEKK. Only limited
experimental data was available for PEEK and shown in Figure 5(a). Both models slightly over predict
the experimental shear stiffness; again with, HFGMC predicting slightly higher shear moduli than GMC.
No experimental data for the shear modulus of PEKK was obtained.

Predictions of the Poisson’s ratios v of PEEK and PEKK as a function of crystallinity are plotted in
Figure 6. No experimental data was found for v in the literature. The micromechanics theory used at
Level 0 had only a slight effect on predictions for the Poisson’s ratio. The trend predicted for PEEK and
PEKK are opposite which can be attributed to the large vy, value predicted for crystalline PEEK with MD
(Ref. 18) (see Table 1V).

Available experimental data for the thermal properties is even more limited in the literature.

Figure 7(a) shows the predicted CTE for PEEK as a function of crystallinity compared to experimental
data (Refs. 34 and 35). The models exhibited between ~18 to 27 percent error compared to Reference 35
at 0 and ~0.35 crystallinity. However, the predicted trends match the data reasonably, especially from
HFGMC, where the CTE slightly increased up to ~0.18 crystallinity and then decreased with an increase
in crystallinity. The predictions were in better agreement (< 2 percent) with the more recent data for the
CTE
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Figure 5.—Predicted effective shear modulus as a function of crystallinity compared to available experimental data
(Ref. 2). (a) PEEK. (b) PEKK.
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given by Seo (Ref. 35). However, crystallinity was not reported in Reference 35. The experimental data
for PEKK was obtained from a datasheet produced by Arkema which did not list the crystallinity of the
material (Ref. 34). Moreover, this data was presented as two values: the average of measurements taken
between (1) —100 °C to T, and (2) T, to 300 °C. That said, the modeling predictions are bounded by the
two data points. The PEKK simulation results are only sensitive to the crystallinity, not the morphology,
because an isotropic volumetric CTE was used as input (Ref. 27). For both materials the predicted
influence of crystallinity on the CTE is small, which is consistent with previous predictions from a
multiscale model for PEEK (Ref. 19).

Finally, the predictions for the effective thermal conductivity x as a function of crystallinity are given
in Figure 8 for PEKK. Note that only the HFGMC multiphysics micromechanics have been implemented
in NASMAT. Therefore, the results in Figure 8 were generated using the HFGMC method at every scale.
Experimental data available in the open literature for thermal conductivity of PEKK is extremely sparse,
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and none was obtained for PEEK. The thermal conductivity of PEKK was reported as 2.4 W/(m-K), but
no information on crystallinity or crystalline forms was given (Ref. 34). The predictions are considerably
higher than this value. The shape of the spherulite had a minimal effect on the predicted effective thermal
conductivity calculations, and the models predicted that conductivity decreases as crystallinity increases.
This indicates that the x,, and .. thermal conductivities of the crystalline phase, which are an order of
magnitude smaller than the thermal conductivity of the amorphous phase, have a significant influence on
the effective conductivity of the semicrystalline polymer. As mentioned in Section 3.2, these properties
were estimated. Therefore, future efforts should be placed on calculating these properties using MD.
More experimental data for both the CTE and thermal conductivity is needed before any conclusions can
be drawn about the multiscale model thermal property predictions.

The following data are intended to provide some information on the computational demands of the
presented multiscale models. The total number of subcells, across three scales, in each multiscale analysis
was 16,384. Each analysis was run on a single processor of an Intel Xeon CPU E5-2698 v4 with
2.20 GHz per node. Analysis times ranged from ~40 to 180 sec, ~185 to 315 sec, ~90 to 220 sec for
GMC, HFGMC, and vectorized HFGMC, respectively. As such, multistep simulations that include
nonlinear effects such as damage, plasticity, and viscoelasticity are feasible.

5.0 Conclusion

A multiscale model for a single spherulite RUC was developed for semicrystalline thermoplastics
within the MsRM framework implemented in NASMAT. Several models were evaluated by changing the
shape of the spherulite inclusion (cubic and spherical) as well as the analysis methods used at the highest
scale (GMC and HFGMC). Inputs for properties of the amorphous and crystalline phases used as the base
constituents for the models were obtained from MD simulations. Therefore, the predictions presented here
were obtained entirely using virtual data.

Model predictions of the thermoelastic properties of PEEK and PEKK as function of crystallinity
were in good agreement with the limited experimental data available in the literature. In general, the
models that utilized HFGMC at the highest scale predicted higher stiffness as the crystallinity was
increased and tended to be more accurate with respect to the available experimental data. The effective
properties were not substantially affected by the shape of the spherulite employed in the model. However,
the HFGMC results would be affected by changes in the morphology of the microstructure. It is expected
that accuracy in the local fields needed for non-linear predictions would be more sensitive to the
micromechanics theory used. Test data on the CTE of thermoplastics PEEK and PEKK is very limited,
but the modeling predictions were bounded by the data.

With the validated multiscale model in place, additional studies can be performed including
sensitivity of the effective properties and local fields calculated through de-homogenization to
morphological effects of the semicrystalline microstructure of thermoplastics, such as the packing of the
spherulites and ratio of inter-spherulite amorphous matrix to crystalline phases. Damage and inelastic
material models can be employed at the constituent scales and used to predict the nonlinear behavior of
the thermoplastics. In addition, crystallization kinetics simulations can be used in conjunction with model
to perform processing simulations (Ref. 37). Finally, this model can be integrated into a model for fibrous
composites to perform multiscale simulations of fiber reinforced thermoplastic composites considering
both the fiber architecture and matrix microstructure.
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