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ABSTRACT

In this paper, we apply mesoscale numerical modeling to predict the effective elastic
properties of conductive carbon-black/ultra-high-molecular-weight-polyethylene nanocomposites.
The models are based on X-ray microcomputed tomography images. The images show that for the
considered range of carbon additive weight fractions, the conductive carbon black (CB) particles
are distributed around the ultra-high-molecular-weight-polyethylene (UHMWPE) granules
forming a carbon-containing layer of a thickness on the order of 1-2 um.

Finite element models of representative volume elements (RVE), incorporating the CB-
containing layer, are developed. The RVEs are generated based on the size and shape statistics
extracted from processed microcomputed tomography images with further incorporation of the CB-
containing layer by a custom image processing code. The layer is modeled analytically as a 2-
phase composite consisting of spherical CB inclusions distributed in the UHMWPE matrix. Elastic
moduli predicted in the models are compared to experimental data. Results show that the numerical
simulations predict effective elastic moduli within the confidence intervals of the experimental
measurements up to 7.5 wt % of CB inclusions.

1. INTRODUCTION

The incorporation of carbon nanoparticles in ultra-high-molecular-weight-polyethylene
(UHMWPE) provides opportunities for multifunctionality (e.g. increased electrical and thermal
conductivity) and potential improvements in biomechanically relevant properties. Several studies
have been performed to evaluate the dependence of the effective physical and mechanical
properties of carbon-reinforced UHMWPE nanocomposites on their microstructure and
manufacturing procedure, considering various types of inclusions and levels of UHMWPE
crystallinity. In the studies, different types of carbon nanoparticles were successfully incorporated
into the UHMWPE matrix. For example, amorphous carbon (diamond-like carbon) was



investigated as a coating for lubrication by (Rothammer et al., 2021). In their paper, carbon coating
significantly increased the wear resistance of UHMWPE components used in total knee
arthroplasties. Carbon nanotubes (CNT) were shown to improve the overall tribological behavior
of UHMWPE (Zoo et al., 2003). It was shown that the addition of 5 wt% CNT resulted in a
significant reduction of wear of UHMWPE. Carbon nanotubes were also considered by (Baliga et
al., 2018) with the intention to increase the strength and wear resistance of the composite. (Favreau
et al., 2022) applied equal channel angular extrusion to synthetic graphite composites of
UHMWPE and observed improved ductility and work-to-failure over compression-molded
controls. In (Sui et al., 2009), the addition of carbon nanofibers (CNFs) to UHMWPE has been
shown to improve the crystallinity, tensile strength, and elastic modulus of the overall composite.
Doping UHMWPE with carbon black (CB) nanoparticles was also considered by (Clark et al.,
2006), introducing electrical conductivity and improving the overall stiffness and fracture
toughness of the composite.

Both numerical and analytical approaches have been used in the modeling of UHMWPE-based
composites. For example, in the context of ballistic performance, (Staniszewski et al., 2022)
investigated laminates consisting of UHMWPE fibers impregnated with proprietary thermoplastic
polyurethane resin under low-velocity impact loading. The material behavior was successfully
modeled using FEM RVE-based approach. In the context of biomechanical applications, the
damage-sensing performance of compression-molded biocompatible CNT/UHMWPE
nanocomposites has been investigated by (Reddy et al., 2018). A simple theoretical model was
presented to predict resistivity in both elastic and inelastic loading regimes. It was demonstrated
that the addition of 0.05% CNT provided an additional 37.5% increase in toughness which would
help prevent fracture of UHMWPE bearing components in prosthetic implants.
(Li & Ma, 2022) presented a multiscale computational framework to predict the wear rate of
UHMWPE inserts in knee joint implants. Material properties derived from uniaxial tension tests
were shown to be inadequate for evaluating the wear resistance of UHMWPE under complex
dynamic and cyclic loading conditions. It was also demonstrated that with the addition of
semicrystalline material plasticity models at the microscale, the dynamic loading process can be
simulated using the FEM procedure at the macroscale. A comprehensive review of UHMWPE-
based nanocomposites can be found in (Thomson et al., 2023).

Traditional modeling approaches assume uniformly distributed inclusions in the matrix
material. In the case of carbon/UHMWPE composites, however, a different microstructure is
observed. The CB particles are agglomerated at high concentrations as layers around granules of
UHMWPE. This paper proposes a modeling approach that is driven by such a complex
microstructure. The properties of CB-containing layers are evaluated micromechanically and then
utilized in the mesoscale finite element models of representative volume elements (RVE) of the
overall composite. The applicability of these continuum mechanics modeling approaches to nano-
reinforced polymers has been discussed in several publications, see, for example, (Armbrister et
al., 2015; Zeng et al., 2008).



The rest of the paper is organized as follows. Section 2 describes the preparation and micro-
computed tomography analysis (LWCT) of the composite specimens. Section 3 presents the proposed
4-step modeling framework that involves the processing of pCT samples, the synthetic recreation
of the microstructure of granules, the introduction of the CB-containing layer, and FE simulations
of resulting volume elements. Section 4 describes the procedure for processing the results of
numerical simulations and compares the results with the experimental data. In Section 5, the
conclusions of this paper are listed. Some preliminary results of this study were published in
conference proceedings (Buklovskyi et al., 2023) and (Miroshnichenko et al., 2023).

2. MICROSTRUCTURE OF CB/UHMWPE AS OBSERVED BY pCT
2.1. Preparation of composite specimens

This paper considers CB-reinforced UHMWPE polymers manufactured by compression
molding (CM) and equal channel angular extrusion (ECAE). CM is a common manufacturing
process to produce high-strength, temperature-resistant polymers, see, for example (Park & Lee,
2012). ECAE was initially proposed to change the microstructure of metals without changing the
cross-section of a billet (Segal, 1999), and was later applied to polymers and polymer-based
composites (Beloshenko et al., 2013; Cook et al., 2019; Favreau et al., 2022; Miroshnichenko et
al., 2023; Reinitz et al., 2016; Vasylevskyi et al.,, 2021). For this study, specimens were
manufactured using the setup shown in Fig.1. For both manufacturing techniques, the setup shown
in Fig. 1 was used to produce the CB/JUHMWPE samples. The dies are made of steel; the cross-
section is a square 5 cm x 5 cm; the length of vertical and horizontal channels is 16.5 cm; the
pressure plungers are made of aluminum.

CB/UHMWPE mix

Fig. 1: A schematic of CM and ECAE setup.



First, UHMWPE GUR 1050 powder, commercially obtained from Celanese Corporation
(Irving, TX), was combined with conductive CB particles obtained from Asbury Carbon (Asbury,
NJ), and mechanically mixed for 25 minutes. The images illustrating UHMWPE granules (of size
50-200 pm) and the quality of mixing can be found in (Solberg, 2024). Then, the mixture was
loaded into the extrusion channel and compressed under a hydrostatic pressure of 21.9 MPa with
a back pressure plunger. To produce the CM samples, the mixture was consolidated at 175 oC for
2.5 hours. To produce the ECAE samples, the consolidated samples were then extruded at a rate
of 0.2-0.25 mm/s, monitored by a WPS-500-MK30-P10 string potentiometer (Micro-Epsilon:
Raleigh, NC). A top pressure of ~17.1 MPa was applied during the extrusion phase. A back
pressure of 13.1MPa was maintained for the duration of the extrusion to ensure homogenous
shearing. After extrusion or compression molding, sample billets were allowed to cool at room
temperature for 24 hours. The difference in the agglomeration of CB particles around UHMWPE
granules observed after CM and ECAE processes is noticeable but not substantial, as discussed in
(Buklovskyi et al., 2023; Miroshnichenko et al., 2023). For the purpose of development and
validation of the numerical modeling approach presented in this paper, some typical
microstructures were considered and the experimental data for each wt % of CB were averaged
between both processes.

2.2. uCT analysis of the composite material

In order to investigate the microstructure of the CB/UHMWPE nanocomposite, uCT studies
were performed on ZEISS Xradia 610 Versa microscope with the following settings: voltage — 60
kv, power — 6.5 W, obj — 0.4X, binning — 1, exposure — 1s, filter — air. The size of the specimen
was 0.49x0.5%0.52 mm3. Some typical microstructures for different weight fractions of CB are
shown in Fig.2. Grey color corresponds to UHMWPE granules; white layers around granules are
associated with high concentration of carbon inclusions.



Fig.2: pCT scans of CB/lUHMWPE composites: (a) 3D and 2D images of 1.5 wt% CB,
(b) 1wt% CB, (c) 2.5 wt% CB, (d) 5 wt% CB.

The uCT scans were processed using ORS Dragonfly (Dragonfly 2022.2 Comet Technologies
Canada Inc., Montreal, Canada) image processing software. It was observed that the granules have
aspect ratios close to one and the ECAE process does not significantly change the shape of the
granules, see (Miroshnichenko et al., 2023). It can also be seen that the volume fraction of white
layers is higher than the total volume of carbon particles in the overall material which indicates
that the white color represents a high-concentration mixture of carbon inclusions in the UHMWPE
matrix. The volume fraction of CB particles (V) in the overall composite can be found from
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where Wcg is the weight fraction of the inclusions in the composite, p. = 1.9 g/cm? is the density
of CB inclusions (Wypych, 2014), and pm = 0.93 g/cm?® is the density of UHMWPE (Hunt & Joyce,
2016). Then, assuming that all particles are located in the CB-containing layer, the average volume
fraction of particles in the layer (V) is

VC/L = V_CLB (2)



where V; is the nCT-observed volume fraction of white regions. The results are summarized
in Table 1. It can be seen that the volume fraction of CB in CB-containing layers varies between
27% and 46% and appears to be reaching saturation below 50%.

TABLE 1. Percent volume fractions of CB in the composite and CB-containing layer

Samples VCB VL VC/L
0.5 wt% 0.25 0.7 35
1 wt% 0.49 1.8 27
1.5 wt% 0.74 2.5 30
5 wt% 2.51 59 43
10 wt% 5.16 11.2 46

The average thickness of the white layers in the pCT was estimated as varying between
0.67 um for 1 wt% to 1.98 um for 10 wt%, see (Miroshnichenko et al., 2023). This thickness is
significantly larger than the diameter of CB particles (which is approximately 35 nm, see Asbury
Carbon, 2024). Thus, these layers can be treated as two-phase materials consisting of a UHMWPE
matrix with CB inclusions.

3. nCT-BASED NUMERICAL MODELING FRAMEWORK

3.1. Processing of pCT images

The proposed framework for modeling CB/UHMWPE nanocomposites is based on the pCT
scans. First, initial volumetric images (TIFF format) are processed by performing cropping,
smoothing, and leveling operations. Then, the produced images are binarized by assigning black
color to UHMWPE granules and white color to the CB-containing layer. Finally, the binary images
are cleaned from the noise to prepare them for statistical processing presented in the next
subsection. The image processing procedure is illustrated in Fig. 3.



Fig.3: uCT image processing procedure for CB/UHMWPE nanocomposite.
3.2. Generation of statistically representative synthetic volume elements

The processed uCT images were used to generate statistically representative synthetic volume
elements of CB/UHMWPE nanocomposite on the mesoscale. They are produced using two custom
pipelines in the Dream3D open-source software (Groeber & Jackson, 2014). Pipeline 1 is
responsible for the analysis and statistical processing of images. This customized pipeline extracts
the size and shape of UHMWPE granules (sphericity, equivalent diameter, and the angle of the
major axis) and then exports the data on each material feature in a CSV format. Pipeline 2 was
developed for the construction of statistically similar synthetic volume elements using the
processed feature statistics from Pipeline 1. The pipeline generates a synthetic volume, establishes
shapes of granules, matches granule neighbors, and packs features in volume elements. The
process results in a 3D model of the representative volume element (RVE), as illustrated in Fig.4.
The CB-containing layer is introduced separately as follows: the Dream3D model of the RVE is
exported to MATLAB as a structured VTK file. Then the interface surfaces between UHMWPE
particles are identified and the interphase domain is introduced by layer-by-layer reassigning the
boundary voxels until the desired thickness of the interphase domain is achieved. The process is
controlled by the expected average thickness of the CB-containing layer, see (Miroshnichenko et
al., 2023). An example of the resulting microstructure is shown in Fig. 4c. The RVE is a cube of
4803 voxels with 8 to 10 voxels per CB-containing layer thickness.
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Fig.4: Generation of the CB/lUHMWPE composite RVE: (a) pCT image, (b) statistically
equivalent volume element, (c) RVE with CB-containing layer.

Finite element meshing of RVE is performed in MATLAB utilizing Iso2Mesh (Fang & Boas,
2009) open-source software. The volumetric images in the VTK format serve as an input to the
internal Iso2mesh volumetric meshing procedure. The output of the procedure consists of an array
of nodes and a tetrahedral mesh connectivity table with labels for the UHMWPE and CB-
containing layer, respectively. This output requires additional processing, including regeneration
and adjustment of the orientation of the elements on the RVE surface. This mesh is then exported
to commercial Hexagon Marc (Marc 2019, https://hexagon.com/products/marc) software for FEA
analysis. Fig. 5 illustrates FE meshes of the interphase domain and UHMWPE particles. The mesh
is continuous through the RVE and its interphase domain. Several realizations of the RVE
subdivided into ~1,000,000 linear tetrahedral elements were developed.



(a) (b)

Fig.5: Example of the RVE FE mesh for 10 wt% CB/UHMWPE nanocomposite: (a) RVE,
(b) CB-containing layer. The total number of elements is ~1,600,000: UHMWPE phase —
839,000 elements, CB-containing layer — 761,000 elements. Depending upon the realization, at
least 5 elements per thickness of the layer are introduced.

3.3. Micromechanical homogenization of CB-containing layer

The effective elastic properties of the CB-containing layer are predicted using
micromechanical methods of continuum mechanics, both deterministic (Kachanov & Sevostianov,
2018) and probabilistic (Berdichevsky & Islam, 2024). The validity of continuum mechanics
approaches for nanosize inclusions has been thoroughly discussed in the literature, justified by
molecular dynamics simulations (Kushch, 2023; Odegard et al., 2005), and used in
micromechanical modeling of nanocomposites with spherical inclusions (Janghorban & Rabczuk,
2024; Sevostianov & Kachanov, 2007). It is assumed that CB inclusions are of spherical shape
(see (Spahr et al., 2017), randomly distributed, and perfectly bounded with UHMWPE in the CB-
containing layer. Note that in the case of imperfect bonding, the approaches presented in (Kanaun,
2024; Kushch & Mogilevskaya, 2022; Lutz & Zimmerman, 1996; Sevostianov & Kachanov, 2007)
are available. In the case of nonspherical shapes, the proper concentration parameter (stiffness of
compliance contribution tensor) should be used, see (Sevostianov & Kachanov, 2015).

For low volume fraction of inclusions, one of the traditional micromechanical schemes (Self-
consistent, Mori-Tanaka-Benveniste or Differential, see (Eroshkin & Tsukrov, 2005; Kachanov &
Sevostianov, 2018)) can be used to predict the effective properties of the layer. However, in the
range of volume fractions relevant to this study (up to 46%, see Table 1), the predictions diverge
and become less accurate (Ghossein & Lévesque, 2012; Ju & Yanase, 2010). Comprehensive
numerical studies presented by (Ghossein & Lévesque, 2012) show that the hybrid
micromechanical model of Lielens (Lielens et al., 1998) is a better choice for the considered
volume fraction range and stiffness contrast. Note that the study of Ghossein and Lévesque was
conducted on spherical inhomogeneities, which is relevant to our case. When compared with their
direct simulations, the error, for example, of the bulk modulus for 50% volume fraction of



inclusions and high contrast (E;””M = 100) was within 5-10% for Lielens scheme vs. 25-35%

matrix

for Mori-Tanaka predictions.

The Lielens model can be presented in terms of the strain concentration factors as follows.
First, the 4th-order strain concentration factor is introduced as the proportionality coefficient
between the average strain in the inclusions &; and the macroscopic strain in the composite £ (Hill,
1963):

& = A€ (3)
Then, the effective stiffness of the composite is given by
Cc =C,+Vi(C; —C,):A (4)

For non-interacting ellipsoidal inclusions, the strain concentration tensor is expressed in terms of
the Eshelby tensor § (Eshelby, 1957) as:

A=[I1+S:(C):(Cp, —CIT? )

If the interaction of the inclusions cannot be neglected, one of the approaches would be to assume
that each inclusion is subjected to the stress field modified by the presence of the other inclusions
((Benveniste, 1987; Mori & Tanaka, 1973). In this case, the effective stiffness tensor of the
composite is expressed as

C=Cn+Vi(C; — C):(ViI + VA" 1)1 (6)

The Lielens scheme (Lielens et al., 1998) utilizes the Mori-Tanaka-Benveniste
micromechanical formula with a modified strain concentration tensor Ay;. This tensor is chosen
as an interpolation between the lower and upper bounds, corresponding to the inclusion material
surrounded by the matrix material (Mori-Tanaka strain concentration) and the matrix material
surrounded by the inclusion material (inverse Mori-Tanaka strain concentration). For the inverse
Mori-Tanaka, the average strain in the matrix material is given by

e=[I+S:(C,) %:(C;,—C,)] L g (7)
so that the strain concentration tensor obtained as (3) is
Ay = [I+S: (Cm)_15 (Ci - Cm)] (8)

C/L+V

2
The interpolation coefficient was proposed by Lielens as VTC/L, providing the following strain

concentration tensor



V., +V? V., +V? -
Ay = [(1 _ %) (Apy) ™t + %(A)—l 9)

The effective stiffness is found by substituting (9) into (6).

Table 2 presents the effective Young’s (E;;) and shear moduli (G;;;) of the CB-containing
layer for different weight fractions of CB considered in this paper. They are extracted from the
effective stiffness tensor given by (11). The value of Young’s modulus for the neat UHMWPE
was determined by the Dynamic Mechanical Analysis (DMA), which is described in Section 4.2.
For the CB particles, the value of E.p = 80GPa and v.p = 0.3 suggested by (Jean et al., 2011)
were used. Note that slightly different values of E for various types of CB (conductive, pigment,
etc.) have been reported in the literature. However, CB is significantly stiffer than the UHMWPE,
approaching the approximation of perfectly rigid inclusions and the predicted effective properties
of the composite are not sensitive to the value of E-g from the reported range.

TABLE 2. Effective elastic moduli of CB-containing layers

CBwt% | Ver | Ey [MPa] | Gy [MPa]
0 0 920 329
0.5 0.35 2249 822
1 0.28 1823 664
1.5 0.29 1877 683
5 0.43 2938 1080
10 0.46 3277 1208

4. RESULTS AND DISCUSSION

4.1. Numerical modeling on mesoscale

To determine the effective elastic properties of CB/UHMWPE composite, FEM analysis of
mesoscale RVEs was performed. Similar to the approach presented by (Drach et al., 2014; Ewert
et al., 2020), six loadcases were applied to each RVE (three uniaxial tensions in mutually
orthogonal directions and three shears), as presented in Table 3. In the Table,
XF, X1, X5,X5, X5, X5 are the faces of the cubic volume element with outward normals directed
in a positive or negative direction of the corresponding coordinate axes, a is the side length of the



representative volume cube, (%) is the value of applied strain, uy, u,, us are the displacements in
X1, X, X3 directions, correspondingly.

TABLE 3. Load cases to determine the effective elastic parameters of the composite

Loadcase 1 (uniaxial tension in x, direction):
X7:up=0; X7:uy =0 .q
X1, X1.X5.X5.X3. X5 :u2=0; u;=0;

Loadcase 2 (uniaxial tension in x; direction):
X5 Uy =0; X;:uzzam]-a;
X1, X7,X3,X5,X3,X5 :u; =0; u3=0;

Loadcase 3 (uniaxial tension in x3 direction):
X3:u3=0; Xj:u; =&l .qg;
X7, X7, X5, X5, X5,X5 :up =0; up =0;

Loadcase 4 (shear deformation in x1x2 plane):
X, :ux=0; X;r:uz:E(O]-a;
X1, X7,X3,X5,X3,X5 :uy; =0; uy =0;

Loadcase 5 (shear deformation in x,x; plane):
X;:u3;=0; X5:u3=¢9.q
X7, X7,X5,X5,X3,X5 1 =0; uz=0;

Loadcase 6 (shear deformation in x3x; plane):
X3:u=0; X5:u;=¢0.q
X1, X1.X5.X5.X3.X5 1, =0; us=0;

Numerical simulations were performed in the Hexagon Marc commercial finite element
package. The mesh consists of four-node tetrahedral elements with linear interpolation functions.
The stiffness matrix is integrated using a single integration point at the centroid. Elements of the
CB-containing layer are assigned to be perfectly bounded with UHMWPE granules. Figs. 6 and 7
illustrate distributions of the stresses in the RVE subjected to loadcase 1 and loadcase 4
correspondingly. In the simulations, a = 350um, ¢® = 0.001.
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A custom MATLAB data processing procedure was developed to process Marc numerical
results. This procedure includes extraction of stress values from integration points of finite
elements, extraction of nodes and their coordinates to calculate volumes of elements, and then
volume averaging of stresses in the RVE:

N

_ 1 ! ..

7, :VZ o VO, ij=123 (10)
=1

where O'l-(jl) is the stress value of I’s element, V® is the volume of the I’s element, N is the number

of finite elements in the model.

The effective elastic parameters of the material are then extracted from the compliance matrix
that relates the components of the average stress (d;;) and applied strain (&;):

r§11w - 1/E1 —vu/E; —v31/E3 0 0 0 @11\
€22 —v12/E1 1/E;  —v3;/E; 8 8 8 922
€3\ _|—v,3/E; —v,3/E 1/E 033

{ = 13/ £1 23/ L2 3 S 11
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Note that we expect the response of the composite to be isotropic. However, to evaluate the
accuracy of the FEM meshing (absence of the bias due to the selected meshing procedure) and
confirm that the RVE is statistically representative (contains enough UHMWPE granules), the
orthotropic elastic parameters were extracted separately and compared with the average values for
all considered RVEs. This information is included in the error bars of the presented numerical
modeling results reported in Section 4.2.

4.2. Dynamic Mechanical Analysis of selected specimens

The mechanical properties of virgin GUR1050 UHMWE matrix material and CB/UHMWPE
composite were determined by DMA. The 15 x 4.1 x 0.5 mm3 specimens were cut from the bulk
material manufactured by CM as described in Section 2.1. A Q800 DMA (TA Instruments, New
Castle, DE) was used to analyze the loss and storage moduli of the composite CB/UHMWPE
samples. The gauge lengths of the samples between the DMA clamps varied between 9 -12 mm.
After a five-minute isothermal equilibration time at 35°C, the samples were swept from 1 to 30 Hz
by increasing the frequency to collect 40 data points. An oscillating strain of 0.2% was applied to
the sample under 0.01 N of preload force. A total of 6 samples per weight fraction of CB in the
composite were made for both CM and ECAE manufactured materials.

DMA testing of the neat UHMWPE determined the average tensile storage modulus
E' =920 MPa and tensile loss modulus E" = 37 MPa. These results show that for pure



UHMWPE the loss modulus can be neglected, and the material’s behavior can be considered
purely elastic with elastic modulus E = 920 MPa. This value can be combined with the known
Poisson’s ratio of 0.4 (Lu et al., 2021) to evaluate the shear modulus of the neat UHMWPE as
G = 330MPa. The averaged values of Young’s modulus of the CB/UHMWPE composites
determined with DMA are presented in Fig.8 as diamond-shaped points with the corresponding
error bars.

4.3 Predictions of the overall elastic parameters of CB/UHMWPE nanocomposites

Numerical estimates of the effective Young’s and shear moduli as functions of wt% fraction
of CB inclusions are shown in Figs. 8, 9, and Table 4. Fig. 8 also provides a comparison with the
experimental data obtained by DMA in Section 4.2. The numerical predictions of effective elastic
parameters are shown as green circles connected by solid lines. Each data point is the average of
all orthotropic Young’s moduli for 3 RVEs (a total of 9 data points). The standard deviation S is
calculated as:

i=1,23 (12)

_ Z(Ei_Eavg)z
S

where E; are the values of the orthotropic elastic moduli from numerical simulation, Eg,, is the
average Young’s modulus, and N is the number of data points in the population. This standard
deviation is shown as error bars on the graphs and presented in Table 4. The small standard
deviation values (less than 8 MPa) suggest that the overall material is macroscopically isotropic,
and the number of included UHMWPE granules is sufficient for the statistical representation of
the material. Note that our mesoscale numerical models of RVE included approximately 40
granules, which is of the same order as used in (Li & Ma, 2022).

Table 4. Numerical predictions for the effective Young’s and shear moduli of the CB/UHMWPE
composite. Mean values and standard deviations.

Wt% of CB | E(MPa) | G (MPa) (i/f‘;:) (iﬂf:)
0 920 330 - -
0.5 926 331 6.3 0.2
1 930 332 6.1 0.2
15 935 334 5.8 0.1
25 945 338 5.3 0.2
5 977 349 4.1 0.6
7.5 1023 366 3.5 1.7
10 1100 394 8.3 3.8
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Fig. 8: Effective Young’s modulus of the CB/UHMWPE nanocomposite: numerical predictions
vs. experimental measurements. Note that the numerical results are included with the error bars
that are not visible as their size is smaller than the data point marker.
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Fig. 9: Effective shear modulus predictions for the CB/UHMWPE nanocomposite.

It is observed that for the range of up to 5 wt% fractions of CB inclusions the numerical
predictions lie within the confidence intervals of the experimental measurements. As expected, the
elastic moduli of the composite (both £ and G) increase with the increase of concentration of stiff



CB particles. For 10 wt% of CB, the numerical predictions for Young’s modulus are 6% higher
than the experimental value. A potential reason for this discrepancy is the formation of clusters of
CB inclusions that inhibits load transfer between constituents and violates the assumptions of
random distribution and perfect bonding of the inclusions within the CB-containing layer, as
illustrated in Fig. 10.

Fig.10: Example of a pCT image of 10 wt% CB/UHMWPE composite with clusters of CB.

4.4 Applicability to other material systems

The applicability of the modeling approach proposed in this paper is not limited to the
considered type of CB/UHMWPE nanocomposites. The approach of the inclusions-containing
layer can be used for numerical modeling of other material systems with similar microstructure
features. For example, studies conducted by (Favreau et al., 2022) and (Miroshnichenko et al.,
2023) demonstrate that similar microstructure and spatial distribution are also observed in ultra-
high-molecular-weight-polyethylene-based nanocomposites with nanographite inclusions. In that
case, the Eshelby tensor for highly oblate spheroidal shape (penny shape inclusion) should be used
in the micromechanical formulas (5) and (8) for the carbon-containing layer. A thorough review
of the available modeling methods for nanographene-doped materials can be found in (Yee &
Ghayesh, 2023).

Another class of material systems relevant to the proposed modeling approach is drug-eluting
polymers. In particular, UHMWPE with antibacterial and anesthetic additives was investigated in
(Gil et al., 2019; Grindy et al., 2019; Lekkala et al., 2024) for joint replacement applications. If the



shape and the spatial distribution of drug inclusions are known, the Lielens micromechanical
scheme, considered in this paper, could be used to predict the effective mechanical properties of
the resulting composite.

S. CONCLUSIONS

In this paper, Carbon-Black/UHMWPE nanocomposites are studied by X-ray micro-computed

tomography, and the effective elastic properties are predicted by mesoscale numerical models. The

models take into account the complex microstructure of the composite by incorporating an
inclusion-containing layer (CB-containing layer) homogenized by an analytical micromechanical
scheme. This approach can be used for other composites with similar spatial distribution of

inclusions of various types and shapes. The following conclusions can be made.

Carbon-BlackyUHMWPE composites exhibit complex microstructure with UHMWPE
granules surrounded by CB-containing layers. uCT analysis shows that for considered weight
fractions (0-10%) of CB, the volume fraction of the CB-containing layer can reach up to 11.2%
with the volume fraction of CB inclusions in the layer approaching 50%.

Analytical micromechanical modeling can be used to estimate the effective elastic stiffness of
the CB-containing layers. Utilizing the DMA-determined stiffness of the bulk UHMWPE, the
effective Young’s modulus of the CB-containing layer was estimated as varying between 2.2
and 3.3 GPa.

The CB-containing layers can be incorporated in mesoscale FEM models of representative
volume elements using the framework presented in Section 3.2 of this paper. The framework
utilizes the puCT images to extract the statistics on the spatial distribution and shape of
UHMWPE granules and incorporates the CB-containing layers to the RVEs generated based
on the observed statistics.

Finite element simulations of 6 basic loadcases (uniaxial and shear loading in 3 orthogonal
directions) allow the extraction of the overall elastic moduli of the composite. The paper
reports the values of Young’s and shear moduli for 0.5%, 1%, 2.5%, 5%, 7.5% and 10 wt%.
fractions of CB inclusions.

Comparison of the numerical simulations results with the experimental measurements of
Young’s modulus on the specimens manufactured by compression molding and equal channel
angular extrusion techniques shows that numerical results fall within the standard deviations
of the experimental data up to 5 wt% of CB inclusions. For higher CB concentrations, the



numerical model overpredicts the stiffness potentially due to the formation of CB clusters
within the CB-containing layers.
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