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This paper presents the parameter identification procedure of carbon nanotubes (CNTs) reinforced interphase in
fuzzy fibre reinforced polymer (FFRP). The procedure was completed with ANSYS Workbench 19.2 software by
combining Mechanical ADPL and Goal-Driven Optimisation. Firstly, a three-phase representative volume
element (RVE) containing carbon fibre, CNTs reinforced interphase and epoxy resin was developed as a
collection of Mechanical APDL commands. This RVE model was simulated to evaluate the elastic constants of
FFRP lamina. CNTs reinforced interphase was characterised by transversely isotropic model. Interphase prop-
erties were parametrised and became input parameters in the Goal-Driven Optimisation. FFRP lamina elastic
constants were set as the output parameters. Multi-objective Genetic Algorithm (MOGA) was used to identify the
interphase properties, so that the output FFRP lamina elastic constants match the objective and constraints. The
optimisation algorithm converged after 585 evaluations. Five potential candidate point, which met required
objectives and constraints, were found. The identified interphase properties agreed well with the literature (an
average percentage error of around 2%). This inverse procedure shows the potential to identify the interphase

properties in nano-engineered composites, which are extremely difficult to measure experimentally.

1. Introduction

Nano-engineered fibre reinforced polymers (FRP) have received
considerable attention in the composite field due to their enhanced
mechanical and electrical properties. Nanofillers such as carbon nano-
tubes (CNTs) or graphene can be introduced to the FRP by growing on
the fibre surface, forming so-called hierarchical fibres [1-5]. One of the
typical examples is a fuzzy fibre with CNTs radially grown on the fibre
surface, as shown in Fig. 1. Fuzzy fibres are subsequently embedded in
polymeric matrix, making fuzzy fibre reinforced polymer (FFRP). The
multifunctional CNTs reinforced interphase between fibres and matrix is
formed. CNTs strengthen the interphase and improve properties of
FFRP, including interfacial shear strength [6], flexural strength [7],
transverse elastic modulus [5], thermal conductivity [8].

In the past years, researchers have focused on developing mathe-
matical models to predict the mechanical elastic properties of these
nano-engineering materials [5,9-15]. For example, Kundalwal and Ray
[10,12] studied the effects of CNTs waviness on the elastic behaviour of
the FFRP using analytical micromechanics based on the representative
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volume element (RVE) and finite element method. Chatzigeorgiou et al.
[13] proposed an extension of the composite cylinders method which
computed the effective properties of FFRP various CNTs volume frac-
tions and lengths. Rao et al. [14] developed a multi-scale procedure
taking into account two-scale interphase effects on the overall properties
of FFRPs, including CNTs/matrix interphase and fuzzy fibre interphase.
In general, these studies summarised that the out-of-plane properties of
the FFRP can be significantly improved due to the unique orientation
and exceptional high axial modulus of CNTs [5,13] but are greatly
dependent on the CNTs volume fraction [13], CNTs radius, length and
waviness [14].

Aforementioned mathematical models were forward analyses based
on each constituent of FFRP, including CNTs, fibre and matrix. However,
some parameters are not readily available, i.e., CNTs volume fraction in
the interphase. Experimental characterisation of the interphase region
remains challenging. It is commonly accepted that the interphase
properties of FRPsare somewhere between fibre and matrix [18].
Interphase modulus can be measured by nanoindentation, AFM or dy-
namic mechanical mapping [19,20]. However, these experimental
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Fig. 1. A single fuzzy fibre with aligned CNTs [21].

measurement processes are very difficult to conduct due to the surface
roughness, size-scale effects and tip blunting [21]. So far, there are no
direct experimental measurements of the FFRP’s interphase properties.

The inverse procedure is an alternative way to forward analysis that
can predict the CNTs interphase properties based on the combination of
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optimisation algorithms with available experimental data. This tech-
nique has been successful in determining the interphase properties in
nanocomposites [16] and in FRP [17,18]. For instance, Lu et al. [17]
predicted stiffness of interphase region based on the experimental re-
sults, microstructural modelling method and Kriging metamodel. Mat-
zenmiller and Gerlach [19] estimated the elastic properties of glass
fibre/epoxy interphase using the generalised method of cells with the
aid of a gradient-based solution algorithm. Rafiee and Ghorbanhosseini
[20] developed a stochastic multi-scale model to predict mechanical
properties of FFRP with randomly orientated CNTs on the fibre surface.
A fuzzy fibre was viewed as two distinct phases: a core fibre and the
surrounding polymer with randomly orientated CNTs. The volume
fraction and waviness of CNTs were considered random variables; a
good agreement between the theoretical predictions and experimental
data was achieved.

In contrast to Rafiee and Ghorbanhosseini work [20], this paper
presents an inverse method to predict the properties of radially grown
CNTs on the fibre surface. Due to the unique orientation of CNTs, the
interphase’s mechanical properties in FFRP become direction-
dependent. The number of predicted parameters increases, compared
to the isotropic interphase (random CNTs orientation), and complicates
the inverse solution. This paper presents a procedure to determine CNTs
reinforced interphase properties from the RVE and known lamina
properties. The optimisation process was entirely performed using FEM
software package, namely ANSYS. The RVE model was simulated using
ANSYS Design Parametric Language (APDL). The RVE model contained
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Fig. 2. Schematic illustrations of (a) Cross-section view of the fuzzy fibre, (b) Perspective view of the fuzzy fibre, (c) Hexagonal RVE model of FFRP, (d) VEORIENT
command applied to the transversely isotropic interphase. 1-2-3 corresponds to a global coordinate system, where 1 is the carbon fibre longitudinal direction. Local
coordinate system, 1'-2-3' was introduced for CNTs reinforced interphase, where 1’ is the CNTs direction.
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Table 1
Mechanical properties of carbon fibre (T650), epoxy resin (Epon 862) and CNTs
reinforced interphase .

Carbon Fibre Epoxy CNTs
(T650) Resin reinforced
(Epon 862) interphase

Longitudinal 241.00 Modulus, 3.00 Longitudinal 298.64
modulus, E’; E™ (GPa) modulus,E"l, GPa
(GPa)

Transverse 14.50 Poisson’s 0.30 Transverse 7.01
modulus, B, ratio,y™ modulus, Ej GPa
(GPa)

In-plane shear 22.8 In-plane shear 2.81
modulus, G}, modulus,Gt,, GPa
(GPa)

Transverse shear 4.80 Transverse 2.52
modulus, G, shear ‘ GPa
(GPa) modulus,G,,

Longitudinal 0.27 In-plane 0.1
Poisson’s ratio Poisson’s ratio,

Vo Yy ®

Transverse 0.51 Out-of-plane 0.39

Poisson’s ratio Poisson’s ratio,
i Vi
Diameter (um) 5.00 Thickness (um) 2.00

a estimated properties

adapted from [13]

three phases, including carbon fibre, CNTs reinforced interphase and
epoxy resin. The FFRP material selection was motivated by the pub-
lished experimental and numerical results [13]. The RVE model was
parametrised so that CNTs interphase properties become input param-
eters. Whereas lamina elastic constants were output parameters. The
optimisation study was performed with Multi-Objective Genetic Algo-
rithm in ANSYS Design Explorer optimisation module. Transversely
isotropic properties of the CNTs reinforced interphase were for the first
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time fully characterised inversely.
2. Numerical modelling of fuzzy fibre reinforced polymer
2.1. Fuzzy fibre reinforced polymer

Fig. 2a shows a schematic illustration of a single fuzzy fibre where
CNTs are radially grown on the surface of carbon fibre. The fuzzy fibre
consists of two distinct regions: a core fibre and the surrounding CNTs
reinforced interphase. This interphase is composed of CNTs and epoxy
resin and behaves transversely isotropic due to the unique orientation of
CNTs. Local coordinates system 1'-2-3' is assigned to describe the CNTs
reinforced interphase, where the 1’-axis is aligned with CNTs axial di-
rection shown Fig. 2b. Fuzzy fibre is then embedded in epoxy resin,
forming FFRP. The mechanical behaviour of FFRP material is effectively
studied using hexagonal representative volume element (RVE) model, as
depicted in Fig. 2c. In this numerical study of FFRP, fuzzy fibres are
arranged in the unidirectional lamina and follow global coordinate
system with axes denoted by 1-2-3, where the 1-axis is along the carbon
fibre direction.

2.2. RVE model

The RVE model was implemented in ANSYS Design Parametric
Language (APDL) module of ANSYS 19.0 software. The simulations in
APDL can be executed entirely using commands; the commands
collection file can be easily modified to maximise the operating effi-
ciency of simulations. Motivated by experimental [1] and numerical
studies [13], material selected for this study was T650/EPIKOTE 862
resin FRRP.

The RVE contained three phases: carbon fibre, the CNTs reinforced
interphase and epoxy resin. The APDL script specified material proper-
ties of each phase, the geometry of RVE and boundary conditions. Me-
chanical and physical properties of transversely isotropic carbon fibre

Interphase properties
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Fig. 3. Flow chart of optimisation procedure using ANSYS Workbench.



M. Pawlik et al.

Table 2
Set of objectives interphase properties to satisfy in the optimisation study
(adapted from [13]).

Fuzzy Fibre Lamina elastic constants (15 % carbon fibre volume [13]
fraction)

Longitudinal modulus, E; (GPa) 40.85
Transverse modulus, E; (GPa) 6.11
In-plane shear modulus, G1» (GPa) 2.07
Transverse shear modulus, G,3 (GPa) 2.11
In-plane Poisson’s ratio v, * 0.18

@ predicted from RVE simulations

Table 3

Upper and lower bounds of CNTs reinforced interphase properties.
CNTs reinforce interphase Lower bound Upper bound
Longitudinal modulus E, (GPa) 200 400
Transverse modulus E}, (GPa) 1 10
In-plane shear modulus, Girz' (GPa) 2 3
Transverse shear modulus, Giz,a, (GPa) 2 3

Table 4
Objectives and constraints of the interphase parameters identification
procedure.

Fuzzy Fibre Lamina Seek Lower constraint Upper constraint
elastic constants target[13] (MOGA) (MOGA)
Longitudinal modulus, E; 40.85 40.80 40.90

(GPa)
Transverse modulus, Ey 6.11 6.10 6.12

(GPa)
In-plane shear modulus, 2.07 2.06 2.08

G2 (GPa)
Transverse shear 2.11 2.10 212

modulus, Gy3 (GPa)

and isotropic epoxy resin are given in Table 1 [13]. Dimensions of the
RVE model were calculated based on the carbon fibre volume fraction
and diameter. For 15 % of carbon fibre volume fraction, RVE’s height,
width and thickness were 6.15, 10.63 and 1.54 pm, respectively. The
thickness of CNTs reinforced interphase was dictated by the length of
CNTs and assumed as 2 pm [13]. The properties of CNTs reinforced
interphase were adopted from [13] for the validation study of the RVE
model. Perfect bonding conditions between each phase were assumed.
The mesh type for the models adopted 20-node 3-D solid elements
(SOLID186). Mesh independent test was accomplished to eliminate the
influence of mesh density on the accuracy of the results. The whole
meshed model contained approximately 7000 elements. The CNTs
reinforced interphase was not isotropic; therefore, “VEORIENT” com-
mand was adopted to specify mesh element orientation for the meshed
volume. The element orientation was determined by the one of the lines
defining the RVE volume, namely the circumference of the carbon fibre.
The normal direction of CNTs reinforced interphase elements (1’ in local
coordinates) followed the direction of the line, as shown in Fig. 1d [22].

The prediction of elastic constants of FFRP lamina was based on the
Hooke’s law for transversely isotropic materials. The periodic boundary
conditions were applied to the RVE model to compute stresses and
strains. The comprehensive description of the periodic boundary con-
ditions used in this study can be found elsewhere [23,24]. Once simu-
lations were completed, elastic constants of lamina can be calculated,
including E; and Es, the longitudinal and transverse moduli; v;2 and vas,
the in-plane and out-of-plane Poisson’s ratios; Gis, the in-plane shear
modulus and Gag, the out-of-plane shear modulus. The validation of the
present RVE model and the literature data was accomplished in our
previous work [24]. Numerical results predicted by the hexagonal RVE
perfectly matched analytical results calculated by the composite
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cylinder method [13].
3. Inverse method
3.1. CNTs reinforced interphase parameter identification procedure

This section presents the detailed procedure on how to predict the
CNTs reinforced interphase properties using the combination of ANSYS
Mechanical APDL and Design Exploration, as shown in Fig. 3. This
application is integrated with ANSYS Workbench and allows parametric
analyses to explore, understand and optimise the design conveniently.
There are three types of the optimisation study in which objectives can
be either minimised, maximised or seek target. The detailed guideline on
how to implement optimisation in ANSYS Workbench is given by [25].
Firstly, the RVE model was parameterised, and random values were
simulated to evaluate elastic constants of fuzzy fibre reinforced lamina
using the ANSYS Mechanical APDL. Then, the identification process of
CNTs reinforced interphase properties was performed with Goal-Driven
Optimisation. The CNTs interphase properties were updated iteratively
until the predicted lamina elastic constants matched the set of objective
results. Objective results were adopted from the analytical study re-
ported by [13]. This work provided a full set of FFRP lamina properties
required for this exercise [1]. Full set of the properties of FFRP lamina
can be experimentally tested and it is a common practice for composite
manufactures to report lamina properties. Chatzigeorgiou et al. [13]
studied the effects of different carbon fibre volume fraction on the elastic
constants of FFRP lamina. The elastic constants of FFRP lamina (E;;Eo;
G12; Ga3) with 15 % carbon fibre volume fraction were extracted from
the graph and selected as a set of objective results (see Table 2). The
present method focused on the elastic properties of FFRP. The plastic
properties and damage behaviour were out of the scope of this paper.
Barbero et al. [25] used a similar approach to determine the damage of
traditional laminated composites. This framework can also be further
extended to the plastic behaviour and progressive damage of FFRP by
revising the APDL command script and including damage initiation
criteria.

3.2. Parameterisation of APDL script

The FEA analysis was controlled by an APDL script, which called for
the evaluation of the elastic properties of the FFRP lamina. The CNTs
reinforced interphase properties (E;EL;G',;GYy,) has been para-
metrised the APDL script (see excerpt in Fig. Al, Appendix A). These
properties were called inputs in ANSYS Design Explorer terminology
[22]. Remaining material parameters, such as fibre diameter, RVE di-
mensions, interphase thickness, carbon fibre and matrix material prop-
erties were fixed. Transversely isotropic elastic properties of fuzzy fibre
lamina (E1,E2,v12,G23,G12), were selected as objective or called outputs
in ANSYS.

3.3. Goal-Driven optimisation

In the next step, Goal Driven Optimisation was used to identify
properties of CNTs reinforced interphase. Input parameters of the
interphase were represented by E.;EL; Gl.,; G.,. The interphase mate-
rial properties varied within the design space defined in Table 3. Upper
and lower bounds of interphase input parameters were selected
optionally, but within some reasonable range based on the literature
[1,5,13]. Random values of four input parameters created one design
point. The objective of this optimisation was to find the CNTs reinforced
interphase properties so that the outputs (E1,E2,v12,G23,G12) seek target of
lamina properties, as shown in Table 4.

The goal-driven optimisation was performed with Multi-objective
Genetic Algorithm (MOGA). MOGA is a variant of the popular non-
dominated Sorted Genetic Algorithm-II (NSGA-II) based on controlled
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Table 5

Properties of MOGA optimisation algorithm.
Method Name MOGA
Estimated number of Design Points 1150
Number of Initial Samples 200
Number of Samples Per Iteration 50
Maximum Allowable Pareto Percentage 70
Convergence Stability Percentage 2
Maximum Number of Iterations 20
Maximum Number of Candidates 5

elitism concepts. This algorithm supports multiple objectives and con-
straints to find the global optimum. The settings of MOGA optimisation
algorithm used in this study, are shown in Table 5. The iterative
parameter identification process is repeated until the solution converges
and candidate points (CNTs reinforced interphase properties) meet the
required objectives and constraints. Firstly, the optimisation was run
with the set objectives without constraints (see Table B1, Appendix B).
To improve the accuracy of the analysis, upper and lower constraints on
the objective were included in the optimisation, as shown in Table 4.
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4. Results and discussion
4.1. History chart of output parameters of FFRP lamina

History charts of output parameters (fuzzy fibre lamina’s elastic
properties) were created for each design point for the interphase. Cor-
responding seek target value (objective of this study see Table 4) was
included in the graph (dashed line). Fig. 4a presents the longitudinal
modulus (E; ) of the fuzzy fibre lamina. Within the first 200 design points
the E; varied widely between 38 GPa up to 47 GPa. Then, the evaluation
of next generation design points brought the history chart of E; much
closer to the seek target. After 400 design points, no significant varia-
tions from the target were observed. The transverse modulus (E5) of the
fuzzy fibre lamina versus the number of design points followed similar
pattern to that of E;. The initial 200 design points generated wild vari-
ation of E, in the range of 5.5 to 6.5 GPa. The next generation of
interphase properties brought the output parameters closer to the target.
After attempting around 500 design points, the E, value was found by
satisfying the objective within a certain limit. The in-plane shear
modulus (Gq3) of the fuzzy fibre lamina varied from 1.9 GPa to 2.2 GPa.
Evaluations of 500 design points caused Gi to fluctuate less. A small
deviation of (0.15 GPa) between predicted final value and target
remained in this optimisation. The out-of-plane lamina modulus (Ga3)
fluctuated from 1.8 GPa to 2.3 GPa with the initial design points data set.
The seek target was met after testing more than 500 design points. The
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Fig. 4. History chart of output parameters namely elastic constants of FFRP lamina. Dashed line represents the seek target values.
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Table 6

Candidate points of CNTs reinforced interphase properties identified from present optimisation procedure.

500 600

Candidate Point 5

Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4

Ei(GPa) 298.64 290.66 292.04 299.84 299.84 299.84
E.,(GPa) 7.01 7.06 7.11 7.09 7.09 7.09
G, (GPa) 2.81 2.91 2.91 2.91 2.91 2.91
G',,(GPa) 2.52 2.58 2.64 2.64 2.64 2.64
E;(GPa) 40.848 40.826 40.803 40.803 40.801 40.801
E»(GPa) 6.105 6.109 6.105 6.109 6.109 6.109
G12(GPa) 2.069 2.085 2.095 2.095 2.096 2.096
Go3(GPa) 2.109 2.113 2.112 2.112 2.112 2.112
Via 0.176 0.175 0.173 0.172 0.172 0.172

Table 7

Relative percentage error between the identified candidate points and CNTs reinforced properties from [13].

Candidate Point 5

Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4

El(GPa) 298.64 -2.7% -22% +0.4 % +0.4 % +0.4 %
E},(GPa) 7.01 +0.7 % +1.4 % +1.1 % +1.1% +1.1 %
G, (GPa) 2.81 +3.6 % +3.6 % +3.6 % +3.6 % +3.6 %
G, (GPa) 2.52 +2.3% +4.7 % +4.7 % +4.7 % +4.7 %
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JTITLE fuzzy fibre hexagonal RVE

rf=2.5
a2=6.145
a3=10.63
al=1.54

Fi1=29R f4de-3
Ei2=7.01e-3
vil2=0.10
vi23=0.39
Gil2=2.81e-3
Gi23=2.52e-3

[prep7
MP,EX,1,14.50e-3
MP,EY,1,14.50e-3

MP,EZ,1,241.00e-3

MP,nuxY,1,0.51
MP,nuYZ,1,0.27
MP,nuXxz,1,0.27
MP,GXY,1,4.80e-3

MP,GYZ,1,22.80e-3
MP,GXZ,1,22.80e-3

MP,EX,2,3.00e-3
MP,PRXY,2,0.30

MP,EX,3,Ei2
MP,EY,3,Ei2
MP,EZ,3,Eil
MP,nuXY,3,(Ei2/(2
MP,nuYZ,3,0.1
MP,nuXZ,3,0.1
MP,GXY,3,Gi23
MP,GYZ,3,Gi12
MP,GXZ,2,Gi12

! radius fibre in microns (pm)

! half of the width of RVE (um)

! half of the height of RVE (um)

! half of the thickness of RVE (um)

1 ongitudinal modulus of the interphase Ef, (TPa)

! Transverse modulus of the interphase E3, (TPa)
!in-plane Poisson's ratio v{,,,

! Out-of-plane Poisson's ratio v3,3,

!in-plane shear modulus Gi,,, (TPa)

! Out-of-plane shear modulus G5,3, (TPa)

! Pre-processor module (Material properties)
! Transverse modulus of CF E:/ (TPa)

! Transverse modulus of CF E:/ (TPa)

! Longitudinal modulus of CF Ex/ (TPa)

! Transverse Poisson’s ratio of CF x':’3

! Longitudinal Poisson’s ratio of CF x{:

! Longitudinal Poisson's ratio of CF x'{z

! Transverse Shear modulus of CF 6{3 (TPa)

! Longitudinal Shear modulus of CF G{: (TPa)

! Longitudinal Shear modulus of CF Gll: (TPa)
! Young's modulus of epoxy resin E™ (TPa)
! Poisson’s ratio of epoxy resin v™

*Gi23))-1
INPUT
PARAMETERS

Fixed RVE
dimensions

Parametrised
properties of
CNTs
reinforced
interphase

Fixed Carbon
I~ Fibre
properties

Fixed Resin
properties

Fig. Al. Parametrisation of CNTs reinforced interphase in APDL script file.
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computational time of evaluating 600 design points using the MOGA
algorithm was approximately 5 h and 15 min on Intel Core i7-4770 K,
3.5 GHz, 16 GB RAM workstation.

4.2. History chart of input parameters of CNTs reinforced interphase

Fig. 5 shows how CNTs reinforced interphase parameters changes
within the design space. MOGA evolves a population of individuals to
find an optimal solution by attempting a number of design points.
Initially, 200 design points were generated within the design space.
Then, the next generations of design points (in the iteration of 50) were
created based on the mutation of better fit individuals from the previous
populations. After the evaluation of around 400 design points, the
generated points started to converge. For example, the longitudinal (Eil,)
and transverse (E.,) moduli of the interphase fluctuated around 300 GPa
and 7 GPa respectively. The design points of the in-plane shear modulus
(Gil/zr) and out-of-plane shear modulus (Giz,s,) were around 2.9 GPa and
2.6 GPa, respectively. Convergence criteria (stability percentage) were
met after evaluation of around 600 design points.

4.3. Predicted CNTs reinforced interphase properties (candidate points)

MOGA algorithm converged after 585 design points evaluations.
Identified CNTs reinforced interphase properties were provided in the
form of the five candidate points. The comparison of the identified
candidate points and properties of the interphase [13] is shown in
Table 6. The arithmetic percentage error between the predicted inter-
phase properties and reference is shown in Table 7. Two candidate
points (1 and 2) slightly underestimated the longitudinal interphase

modulus (E}) with percentage error around 2 %. Remaining candidate
points predicted well the E‘1 with an error smaller than 0.5 %. The
transverse modulus of the interphase E‘2 was identified for all five

candidate points with percentage error around 1 %. Slightly higher

Tablei Bl . L k o . difference between identified shear moduli of the interphase was
Candidate points of the MOGA optimisation study without objective constraints. . Lo e .
noticed (~5%). It is likely related to the lower sensitivity of the inter-
Experimental  Candidate Candidate Candidate phase shear moduli to the elastic constants of fuzzy fibre lamina. The
Point 1 Point 2 Point 3 . . .
average percentage error between predicted interphase properties and
Ei(GPa)  298.64 299.75 308.83 325.72 the one from [13] was around 2.5 %. It is possible that some accuracy
E}(GPa) 7.01 7.23 6.69 7.06 was lost by rounding error.
Gi,,(GPa) 2.81 2.91 2.87 2.98
G (GPa) 2.52 2.58 2.51 2.62 . .
23
Ey(GPa)  40.848 40.956 40.637 40.806 4.4. Discussion
E>(GPa) 6.105 6.135 6.080 6.129
G12(GPa) 2.069 2.085 2.070 2.096 This inverse procedure was purposely designed to make full use of
G23(GPa) 2.109 2121 2.101 2.117 available experimental and numerical data, which demonstrated the key
V12 0176 0178 0170 0171 role of the CNTs reinforced interphase in FFRP. To consider the
distinctive contribution from the CNTs reinforced interphase, a more
Table C1
Candidate points of CNTs reinforced interphase properties identified from present optimisation procedure (one input parameter, Ell) Solution converged after 251
evaluations.
Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
E;,(GPa) 298.64 298.79 297.83 296.5 296.5 295.5
E,(GPa) 40.848 40.848 40.848 40.847 40.847 40.846
E>(GPa) 6.105 6.105 6.104 6.103 6.103 6.103
G12(GPa) 2.069 2.069 2.069 2.069 2.069 2.069
G23(GPa) 2.109 2.109 2.109 2.109 2.109 2.109
V12 0.176 0.176 0.176 0.177 0.177 0.177
Table C2

Relative percentage error between the identified candidate point and CNTs reinforced properties from [13].

Properties

[13] Candidate Point 1

Candidate Point 2

Candidate Point 3 Candidate Point 4 Candidate Point 5

E\(GPa)

298.64 +0.05 %

—0.27 %

—0.70 % —0.70 % +1.00 %
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Table C3
Candidate points of CNTs reinforced interphase properties identified from present optimisation procedure (one input parameter, E‘Z) Solution converged after 351
evaluations.
Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
E"Z,(GPa) 7.01 7.009 7.011 7.009 7.008 7.008
E;(GPa) 40.848 40.847 40.849 40.847 40.847 40.847
E»(GPa) 6.105 6.105 6.104 6.103 6.103 6.103
G12(GPa) 2.069 2.069 2.069 2.069 2.069 2.069
G23(GPa) 2.109 2.109 2.109 2.109 2.109 2.109
Vi2 0.176 0.176 0.176 0.177 0.177 0.177
Table C4

Relative percentage error between the identified candidate point and CNTs reinforced properties from [13].

Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
Eiz,(GPa) 7.01 —0.01 % +0.01 % —0.01 % —0.03 % —0.03 %
Table C5
Candidate points of CNTs reinforced interphase properties identified from present optimisation procedure (one input parameter,G"l,Z,). Solution converged after 283
evaluations.
Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
Gil,Z,(GPa) 2.81 2.81 2.812 2.813 2.813 2.808
E;(GPa) 40.848 40.848 40.848 40.848 40.848 40.848
E»(GPa) 6.105 6.105 6.105 6.105 6.105 6.105
G12(GPa) 2.069 2.069 2.069 2.069 2.069 2.069
G23(GPa) 2.109 2.109 2.11 2.11 2.11 2.109
Vi2 0.176 0.176 0.176 0.177 0.177 0.177
Table C6

Relative percentage error between the identified candidate point and CNTs reinforced properties from [13].

Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
Gfl,z,(GPa) 2.81 0.0 % +0.07 % +0.11 % +0.11 % —0.07 %
Table C7
Candidate points of CNTs reinforced interphase properties identified from present optimisation procedure (one input parameter,GiZ,B,). Solution converged after 307
evaluations.
Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
G"2,3,(GPa) 2.52 2.519 2.522 2.523 2.523 2.523
E,(GPa) 40.848 40.849 40.846 40.845 40.845 40.845
E>(GPa) 6.105 6.105 6.104 6.104 6.104 6.104
G12(GPa) 2.069 2.069 2.069 2.069 2.069 2.069
Ga3(GPa) 2.109 2.1094 2.1093 2.1092 2.1092 2.1092
V12 0.176 0.176 0.176 0.177 0.177 0.177
Table C8

Relative percentage error between the identified candidate point and CNTs reinforced properties from [13].

Properties [13] Candidate Point 1 Candidate Point 2

Candidate Point 3 Candidate Point 4 Candidate Point 5

G, (GPa) 2.52 —0.04 % +0.07 %

+0.11 % +0.11 % +0.11 %

advanced three-phase RVE model has to be used. In the FFRP, the unique
radial orientation of CNTs grown on the carbon fibre causes the inter-
phase to be transversely isotropic. Transversely isotropic features of the
interphase complicated the RVE modelling. It increased the number of
unknown parameters in the optimisation study to 4 from 2 for most
commonly used isotropic features. Four elastic constants of CNTs rein-
forced interphase were predicted with the average percentage error
around 2 % compared with true values. The high fidelity of inverse
analysis results derived from conveniently implemented experimental
data could be of singficant use in the future in characterising the difficult

to measure interphase properties. To the best of the authors’ knowledge,
this is the first inverse parameters identification method to deal with the
fuzzy fibre reinforced with transversely isotropic interphase.

Many studies investigated the CNTs reinforced interphase properties
using analytical and numerical models [5,9-15]. Parametric studies
revealed that interphase properties are greatly affected by CNTs distri-
bution, waviness, length, diameter, volume fraction, CNT/matrix
interfacial properties [15]. All above-mentioned models are useful in
FFRP design; however, to simulate the full-scale laminate using these
forward models, many input parameters of CNTs reinforced interphase
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Table C9
Candidate points of CNTs reinforced interphase properties identified from present optimisation procedure (two input parameters E"l,, EZ) Solution converged after 474
evaluations.
Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
E"ly(GPa) 298.64 300.95 301.28 301.72 301.68 301.68
Eiz,(GPa) 7.01 7.002 7.002 7.002 7.001 7.001
E;(GPa) 40.848 40.86 40.86 40.86 40.86 40.86
E>(GPa) 6.105 6.101 6.100 6.101 6.101 6.101
G12(GPa) 2.069 2.069 2.069 2.069 2.069 2.069
G23(GPa) 2.109 211 211 211 211 211
Vi2 0.176 0.178 0.178 0.178 0.178 0.178
Table C10

Relative percentage error between the identified candidate points and CNTs reinforced properties from [13].

Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
Ei(GPa) 298.64 +0.77 % +0.88 % +1.03 % +1.02 % +1.02 %
Eiz,(GPa) 7.01 —0.11 % —-0.11 % —0.11 % —-0.12 % —0.12 %

Table C11

Candidate points of CNTs reinforced interphase properties identified from present optimisation procedure (two input parameters G Gizys,). Solution converged after

510 evaluations.

195

Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
Gg,z,(GPa) 2.81 2.808 2.808 2.805 2.805 2.808

G, (GPa) 2.52 2.5198 2.5189 2.5197 2.5197 2.5197

E1(GPa) 40.848 40.848 40.849 40.848 40.848 40.849

E»(GPa) 6.105 6.1043 6.1045 6.104 6.104 6.1045
G12(GPa) 2.069 2.0684 2.0683 2.0682 2.0682 2.0682

Go3(GPa) 2.109 2.109 2.109 2.109 2.109 2.109

Via 0.176 0.176 0.176 0.176 0.176 0.176

Table C12

Relative percentage error between the identified candidate points and CNTs reinforced properties from [13].

Properties [13] Candidate Point 1 Candidate Point 2 Candidate Point 3 Candidate Point 4 Candidate Point 5
G, (GPa) 2.81 —0.07 % —0.07 % -0.17 % -0.17 % —0.07 %
Gi2'3’(GPa) 2.52 —0.01 % —0.04 % —0.01 % —0.01 % —0.01 %

are required. In a forward manner, material properties are predicted
from a nanoscale (CNTs level), but parameters at nanoscale are not
widely available (i.e., volume fraction, waviness). Quantitative charac-
terisation of the interphase region remains a significant challenge.
Experimental measurements of the nano-reinforced interphase proper-
ties are possible using nanoindentation, atomic force microscopy or
dynamic mechanical mapping [19,20]. However, they are difficult due
to size-scale effects [21]. So far, there are no direct experimental mea-
surements of the FFRP’s interphase elastic properties.

In this paper, the CNTs reinforced interphase properties were pre-
dicted from the lamina properties. It is widely accepted that lamina/
laminate properties are much easier to be measured experimentally. The
present procedure requires only one parameter of CNTs-reinforced
interphase, namely thickness. However, this measurement is easier to
be estimated experimentally, for example, using Scanning Electron Mi-
croscopy (see Fig. 1). Using the present method, the properties of the
CNTs reinforced interphase are homogenised based on the thickness of
the interphase region. This allows us to eliminate the unknown pa-
rameters i.e., CNTs waviness, length, diameter, volume fraction, CNT/
matrix interfacial properties, needed in all forward numerical and
analytical studies.

Inverse analysis and optimisation studies can be expensive in terms
of computational time and suffer from non-unique solutions. From this
study, it was identified that settings of the optimisation procedure in
ANSYS Workbench affect the accuracy of the results. Optimisation

without constraints on objectives converges faster, but the accuracy of
the predicted interphase properties is reduced (Appendix B). Therefore,
it is recommended to include constraints on objectives. The number of
parameters to be determined also influences the accuracy and the
uniqueness of the solutions. As shown in Appendix C, searching only one
interphase parameter almost perfectly predicted the solution (Table C1-
C12). Increasing the number of searched interphase parameters, slightly
reduced the accuracy. This suggests some relationships between the
parameters exist. To further improve the optimisation process, param-
eter sensitivity can be employed before defining the inverse problem.
This sensitivity study could identify the weight and importance of
interphase parameters on the FFRP lamina within the design space.
The advantage of the developed methodology is the utilisation of one
software, which enables identifying parameters efficiently. This allows
avoiding issues with coupling two software i.e., FEA package and opti-
misation algorithm. This type of parameter identification procedure
gives the potential to predict the properties of any nano-engineered
interphase. Nano-engineered interphase properties depend on the
orientation of nanofillers in the interphase. The present model can be
easily modified to accommodate not only transversely isotropic inter-
phase, but also isotropic interphase. The transversely isotropic case
corresponds to the more aligned distribution of nanofillers. While
isotropic interphase in nano-engineered composites is present when
nanoparticles are randomly orientated in the interphase [26]. These
models are currently under development. Future studies will also focus
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on the interphase parameter’s identification from the laminate proper-
ties by coupling macro and microscale simulations. Knowing the
homogenised interphase properties at microscale could further enable
inversely predict the CNTs interphase characteristics at the nanoscale.
For example, the geometrical features of the CNTs reinforced interphase,
i.e., volume fraction or waviness, can be considered using the Mori
Tanaka model [26,27]. This can be achieved by modifying the APDL
commands script and incorporating the RVE made of CNTs and epoxy
(Fig. 2a).

5. Conclusion

In this work, the problem of parameter identification of CNTs rein-
forced interphase of FFRP has been solved by the inverse strategy. The
results are summarised as follows:

e Three-phase RVE model, in which interphase was transversely

isotropic and CNTs radially grown on the carbon fibre surface, was

developed to predict transversely isotropic properties of the FFRP
lamina.

Efficient parameter identification was achieved by a combination of

Mechanical APDL and ANSYS DesignXplorer.

e The optimisation algorithm converged after 585 evaluations. Five
potential candidate points which meet required objective and con-
strained were found. The identified interphase properties agreed well
with the literature with an average percentage error of around 2 %.

e The influence of settings in the optimisation procedure on the ac-
curacy of the results was critically discussed.

e The accurate prediction proves the effectiveness of employing the
proposed parameter identified procedure to obtain mechanical
properties of nano-reinforced interphase, which are difficult to
measure experimentally.
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Appendix A

Appendix A presents the parametrisation of CNTs reinforced inter-
phase parameters in the APDL script file.
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Appendix B

Appendix B presents the results of parameter identification proced-
ure without objective contraints.

Appendix C

Appendix C presents the parameters identification procedure by
varying the number of input properties of the interphase. This helps to
observe how each parameters effects the accuracy and solution
convergence.
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