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Carbon fibre reinforced polymers (CFRP) are prone to structural damage during extreme events such as fire.
Typically, modelling the effect of fire on CFRP structures is carried out through mesoscale analysis to predict
overall structural performance. In this study, Finite Element (FE) modelling has been conducted to investigate
the effects of fire on CFRP specimens at both meso- and micro-scales. The mesoscale analysis informs the
microscale analysis to examine the effects of fire on each constituent of the material. A comparison of thermal

analysis at the meso- and micro-scales reveals less than a 6% difference in the predicted nodal temperature.
For the first time, fire-induced progressive failure analysis has been conducted on the fibres, matrix, and
fibre/matrix interface of representative plies within the composite laminates. Fibre breakage, matrix cracking,
and interface debonding were accurately captured using representative volume element (RVE) models under
thermo-mechanical loading, showing qualitatively excellent agreement with experimental data.

1. Introduction

In aerospace, automotive and maritime industries, composite ma-
terials such as carbon fibre reinforced polymers (CFRP) are becoming
increasingly more common due to their beneficial material properties
and lightweighting potential. However, composite materials are more
susceptible to structural damage during extreme events such as low-
velocity impact [1], lightning strikes [2] or fire [3,4], than traditional
metallic structures.

Exposure to fire can have a detrimental effect on the structural per-
formance of composites due to its adverse influences on the mechanical
behaviour of the matrix. Generally, the onset of epoxy matrix thermal
decomposition begins around 200-300 °C and is complete around 500—
800 °C, while carbon fibres are thermally stable up to approximately
3000 °C [2]. As such, any fibre damage is more commonly attributed to
the combined effects of mechanical and thermal loading [2]. During fire
exposure, composite materials can release heat, smoke, and fumes [4].
Studies in the literature have focused on either the fire reaction prop-
erties or the structural fire behaviour of composites [5]. The former
refers to a composite’s time-to-ignition, flame spread, and heat release
rate characteristics which are well documented and comprehensively
described [6-8]. However, the latter considers the structural perfor-
mance characteristics such as stiffness, strength, and fatigue life of

a composite, which declines when subjected to fire, increasing the
likelihood of material failure through buckling or collapse.

The effect of fire on composites has been assessed using both
experimental [9,10] and simulation approaches. A significant number
of studies have attempted to capture and represent the behaviour of
composite materials exposed to fire to provide information on the
effects on stiffness and strength, mechanical integrity and burn-through
resistance [4,11-18]. Fire-induced damage modes of composite mate-
rials have been characterised as matrix cracking, delamination, char
formation, fibre fracture, and blowout [19]. The traditional approach
used to assess the structural reaction of composite materials to fire
has entailed empirical investigations, wherein structures are exposed
to loading conditions mirroring real-world scenarios [18]. Although
such experimentation yields indispensable insights, its execution is both
financially burdensome and challenging to regulate. Consequently, the
imperative to develop robust fire analysis models becomes readily
apparent [4].

Modelling of composite structures has progressed significantly in
recent years with models at different fidelities and length scales. Mul-
tiscale modelling, combining or linking models across length scales,
is a very useful method for composite materials with hierarchical
features, and many challenging studies are being conducted. For ex-
ample, studies have completed micro/mesoscale fracture modelling
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[20,21], modelling of deformation/fracture from molecular scale to
micro/mesoscale simulations [22-24], modelling of cure-induced de-
formation incorporating heat conduction equations, viscoelastic consti-
tutive laws, and curing reactions [25], and multiscale modelling by
Direct FE2 methods [26,27]. By far the most popular modelling ap-
proach is the mesoscale model in which each ply is modelled as a single
unit with interaction properties, such as surface-to-surface contact, in-
cluded between neighbouring plies [4,14]. Other works have modelled
the effect of fire on sandwich panels and found primary failure as
delamination at the facesheet/core interface [12,28]. Literature studies
have also investigated the effect of the ply stacking sequence [19] and
thickness [13] on composite fire resistance. Although mesoscale models
have been used to investigate the overarching structural dynamics,
microscale models offer the capability to differentiate damage mech-
anisms inherent to each constituent component, namely fibres, matrix,
and the fibre/matrix interface. This microscale approach provides a
deeper understanding of heat transfer phenomena and fire dynamics
within and between constituent materials.

Micromechanics-based RVE models have proven to be an effective
computational tool to perform a progressive failure analysis of uni-
directional composites under multiaxial loading conditions [29-32].
RVE models take into account the geometry and spatial distributions
of the fibres, and the mechanical properties of the constituents, which
should be large enough to be representative of the macroscale materials
while small enough to maintain the computational cost. Microscopic or
representative volume element (RVE)-based modelling, using a small
representative volume to represent the realistic material, even with
manufacturing-induced defects [33], is typically used to characterise
the macroscopic response of composites. RVE modelling has also been
used in multi-scale modelling of unidirectional composites (UD) [34].
Typically, RVE models have used an average fibre diameter d, =7 pm
and fibre volume fraction ¥V, = 60%, measuring 50 pm X 50 pm X
10 pm [29-31]. Parallel fibres have been randomly distributed using
random sequential adsorption (RSA) algorithms [35]. Recently, Wan
et al. [29,30] constructed a failure criterion for IM7/8552 UD compos-
ites under biaxial loading using artificial neural network (ANN) models,
based on computational micromechanical modelling, considering the
probability of failure. Data-driven failure predictions were conducted
based on representative failure points in each biaxial loading case
and were extended by machine learning techniques considering the
probability of failure.

In the failure analysis of composite materials using RVE modelling,
periodic boundary conditions are usually used to maintain the peri-
odicity of stress and displacement fields. However, it has also been
reported in [36,37] that for sufficiently large RVEs with more than
30 fibres embedded in the matrix [29,35], the results obtained from
the periodic boundary conditions were close to those obtained from
displacement or traction boundary conditions. Recently, Millen and
Lee [38] completed three-dimensional (3D) finite element (FE) sim-
ulations to study the effects of lightning strikes on the microscale
behaviour of CFRP. This approach provided better understanding of
lightning-induced thermo-mechanical damage at a fundamental level.
Thermo-mechanical damage was predicted using a ductile plasticity
model with Drucker-Prager yield criterion for epoxy matrix failure,
and cohesive surfaces for fibre-matrix interface debonding. However,
an understanding of the effect of fire on the microscale behaviour of
CFRP is not well established.

1.1. Summary

The literature has shown that finite element modelling can be used
to predict both damage resulting from fire and residual strength post-
fire [13]. In order to predict composite failure more accurately, it
becomes important to understand and model the behaviour of compos-
ite materials in a realistic loading scenario to obtain reliable safety data
for future designs. Existing fire simulation research has largely focused
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on a singular modelling strategy - mesoscale models, either monolithic
or sandwich panels, with a constant flux loading applied to a finite
area on the front face. While these mesoscale models have been used to
study overall structural behaviour, RVE-based micro-scale models can
characterise unique damage mechanisms of each constitute at a smaller
length scale.

Therefore, the work in this paper focuses on multiscale modelling
of CFRP composites exposed to thermo-mechanical loading, specifically
representative of fire. A mesoscale model is developed and validated
against the established experimental literature. Predictions from this
mesoscale model inform the thermal, loading, and boundary conditions
on the RVEs for the progressive failure analysis of CFRP constituents
(fibre, matrix and the fibre/matrix interface) during thermo-mechanical
loading.

2. Multiscale macro-microscale modelling strategy
2.1. Mesoscale modelling of CFRP composite laminates

2.1.1. Heat transfer modelling

The mesoscale model of the quasi-isotropic AS4/3501-6 carbon
fibre-epoxy composite [+45/90/-45/0], is outlined in Fig. 1a and b.
This model was derived from the experimental work of Grigoriou and
Mouritz [39]. Fig. 1a shows the dimensions and FE mesh used in the
mesoscale model, which measured 600 mm x 50 mm X 6.4 mm with a
typical ply thickness of 0.15 mm [39]. A heat flux load of 50 kW /m?
was applied to a 100 mm long section of the front face of the specimen,
as shown in Fig. 1b, in line with the experimental arrangement [39].
DC3D8 8-node linear brick solid heat transfer elements were used
within heat transfer simulations.

The governing equation for heat conduction in this simulation is
expressed as follows:
oC, aa—f = V.(kVT) = 0% (kxg—z) + % <ky3—§> + a% (kz‘;—:) +q, )
where T is temperature (°C), ¢ is time (s), k is thermal conductivity
of the material (W/m K), p is density (kg/m?), g, is the rate of energy
generated per unit volume (W/m?) and C, is the specific heat capacity
(J/kg K).

Table 1 shows the temperature-dependent material properties used
for AS4/3501-6 carbon/epoxy composite [40]. The epoxy matrix in
CFRP degrades and decomposes in the temperature range of 300—
800 °C. As the matrix begins to decompose, a region of shiny resin, with
matrix cracking and delamination is produced. Further, more severe
damage, corresponding to the end of matrix decomposition is likely
to be deeper with char residue and fibre fracture. Carbon fibres were
assumed to ablate above 3316 °C, the fibre sublimation temperature,
and at 3334 °C the fibres have reached a pure carbon/char state.

A predefined field was used to assign an ambient temperature of
25 °C at the start of the simulation. The change in material behaviour
is accounted for by the temperature dependent material properties in
Table 1 but also by ABAQUS user-subroutines. HETVAL and USDFLD
were used to define the thermal behaviour of the material. HETVAL
determined the extent of matrix thermal decomposition at each time
increment, accounting for decomposition kinetics and internal heat
generation, while the material properties were updated using USD-
FLD [5]. While the values in Table 1 are listed at discrete points,
these are assumed to change linearly with increasing temperature. In
addition, matrix decomposition is assumed to vary linearly between
onset and complete decomposition.



L. Wan and S.L.J. Millen

Composites Part A 187 (2024) 108481

50 mm
—
a
) b)
=
~
«
2
~
g
2
© g
g
o
S
-
¥
A k
1 z x ¥6.4 mm
G—p X
Fig. 1. Mesoscale model setup and conversion to microscale RVE model.
Table 1
AS4/3501-6 carbon/epoxy thermal material properties [40].
Temperature Density Specific heat Thermal conductivity
() (kg/m*) J/kg °C) Fibre Transverse Through-thickness
(W/m K) (W/m K) (W/m K)
25 1520 1065 46.6 0.68 0.68
350 1520 2100 24.7 0.37 0.37
510 1100 2100 14.6 0.18 0.18
1000 1100 5750 11.7 0.13 0.13
3316 1100 5785 0.10 0.10 0.10
3334 1100 5875 0.10 0.10 0.10
Temperature range (°C) Energy released (J)
Resin decomposition 300-800 4.8 x 100
Fibre ablation 3316-3334 43 x 100

2.1.2. Thermo-mechanical modelling

Thermo-mechanical analysis was completed in Abaqus/Explicit us-
ing a dynamic, temperature-displacement, explicit analysis with
C3D8RT elements (8-node trilinear displacement and temperature,
reduced integration with default hourglass control). This step could
predict mechanical damage due to the combined effects of mechanical
and thermal strains. Intralaminar damage was captured using a VUMAT
material model developed previously [41].

A combination of Hashin, for fibre direction tension and compres-
sion and transverse tension, and Puck failure initiation criteria, for
transverse compressive and through-thickness directions, were used, as
shown in Egs. (2)—(4).
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A linear damage evolution law was defined after damage initiation.
Strain rate effects were included by scaling E,, E; and the intralaminar

strength and fracture toughness, based on the observed strain rate
regime (quasi-static, intermediate, or high). Heating rate effects offset
the temperature at which the moduli and strength of the material
reduced [41].

The predicted temperature profile from the heat transfer analysis
was transferred to the thermo-mechanical analysis using Python scripts
and a well-established methodology, not explained here for brevity but
available in Refs. [2,41].

Delamination between neighbouring plies was captured using cohe-
sive surfaces with a bi-linear traction-separation law [41]. The onset
of interfacial damage was governed by the quadratic stress criterion
and the dissipation of the fracture energy during the propagation
of the damage was governed by the Benzeggagh and Kenane (B-K)
criterion [42]:

G, +G, o

gk 5
G,,+GS+G,) ®

G = G¢ + (G - GS)(

The temperature-dependent elastic mechanical properties of the
AS4/3501-6 carbon/epoxy composite are shown in Table 2, and the
intralaminar and interlaminar strengths and fracture energies can be
found in Table 3.

Since the RVE model measured 50 pm X 50 pm X 50 pm with fibre
diameters of 5.3-7 pm [31], it was necessary to discretise the mesoscale
models in the areas of interest. Therefore, the front and rear plies of
the mesoscale model had twenty-six elements through the thickness,
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Table 2

The elastic mechanical properties of AS4/3501-6 carbon/epoxy composites.
Temperature E, E, =E; G, =G Gy D =03 D)3 ay, ay = a3
0 (MPa) (MPa) (MPa) (MPa) %1078 %1073
25 137000 8200 4360 3000 0.32 0.44 1.8 2.16
200 137000 6560 3488 2400 0.32 0.44 5.4 3.78
260 137000 82 34.88 24 0.32 0.44 5.4 3.78
600 137000 4.1 1.744 1.2 0.32 0.44 5.4 3.78
3316 137000 4.1 1.744 1.2 0.32 0.44 5.4 3.78
>3316 1370 0.41 0.1744 0.12 0.32 0.44 5.4 3.78

Table 3

The strengths of AS4/3501-6 carbon/epoxy composites and interlaminar interface properties [43].
Intralaminar strength and fracture toughness Interlaminar interface properties
X, X, Y, Y, S, =8;3=255; © =0 G¢ G¢ =G°
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) kJ/m? kJ/m?
2280 1440 57 228 71 20 34 0.32 2.0

giving an approximate element thickness of 50 pm. Three RVE models
were created for the plies of interest (i.e. 45°, 90° and 0° plies) at
the 1st, 13th and 26th elements, of these plies, as shown in yellow
on ply one in Fig. 1c. The corresponding RVE representation is shown
within the element of this ply in Fig. 1d. This arrangement allowed the
flux loading and temperature at three distinct points within the front
and rear plies to be extracted for use within and for verification of the
microscale model.

In the mesoscale model, the in-plane mesh was refined around the
loading area to a size of 2.5 mm X 2.5 mm increasing to 2.5 mm X
20 mm at the ends of the specimen, using biasing. As a result, standard
plies had 1720 elements while the plies of interest, suitable for data
transfer to the RVE models, had 17,160 elements each.

2.2. Microscale modelling

2.2.1. FE model set-up

In this study, the microstructure of the RVEs was generated using
combined experimental data and an initial periodic shaking model
using a discrete element method [44], resulting in a fibre volume
fraction of 60% and average fibre diameters between 5.3-7 pm. It
was found that the depth of RVE models had insignificant influence
on the prediction of mechanical properties [45]. Therefore, to capture
the deformation and failure of the matrix and fibre/matrix interface
due to the different thermal expansion coefficients between the three
constituents, a depth of 50 um was selected. With respect to fibre
failure under longitudinal tension, the length of the RVE model was
found to have a significant influence on longitudinal properties and
300 pm was concluded to be enough to capture fibre failure [46].
Therefore, the final 3D RVE models were created by extruding the 2D
geometrical model along the fibre direction by 50 pm and 300 pm to
capture the matrix and fibre/matrix interface dominated failure and
fibre dominated failure, respectively, as shown by RVE1 and RVE2 in
Fig. 2.

For microscale heat transfer modelling, 8-node linear brick and 6-
node linear triangular prism solid heat transfer elements (DC3D8 and
DC3D6) were used to mesh fibres, matrix and fibre/matrix interface,
with the incident heat flux calculated from mesoscale simulations. In
total, 50,616 and 487,000 elements were used to mesh RVE1 and RVE2
models, respectively. The predicted temperature distribution from the
RVE heat transfer simulation was loaded as a predefined temperature
field for the thermo-mechanical failure analysis.

For thermo-mechanical failure analysis, the fibres and matrix in the
RVE models were discretised with hexahedral solid elements (C3D8R),
with a reduced integration scheme, and wedge elements (C3D6R),
while the interface is meshed with 8-node cohesive elements (COH3DS8),
see Fig. 2. The total of 50,616 and 487,000 elements are utilised to
better capture the stress distribution between neighbouring fibres and

to balance model accuracy and computational cost. Mass scaling was
employed to accelerate the numerical simulations with a stable time
increment of 5 x 107® s. More details on the RVE modelling can be
found in [29-31].

2.2.2. Constitutive model of constituents

The carbon fibre was modelled as a brittle linearly elastic and
transversely isotropic solid. A thermo-dynamically consistent isotropic
damage model was used to define the fibre damage, which can only
be activated by the longitudinal tensile stress. The damage activation
function, also known as the damage initiation index, reads:
D=0 )

S

where o, is the applied longitudinal tensile stress and X’f is the
longitudinal tensile strength of the fibre. In order to capture the intrin-
sic stochastic (i.e. flaw-dominated) nature in the longitudinal tensile
strength of carbon fibres [47], the two-parameter Weibull distribu-
tion function [48] is commonly used. However, it has been shown
that the Weibull distribution is not the best suited for carbon and
glass fibres [49,50], thus, the Power-Law Accelerated Weibull (PLAW)
distribution [49] was proposed based on the Weibull distribution:

P(o) = 1 - expl—(£)"(Z)™] @)
0 0

where P represents the failure probability at the applied stress o,
and o, and m, are the scale and shape parameters of the Weibull
function, respectively. L, and L are the reference and gauge length
of the specimen, respectively. The additional exponent « controls the
influence of the element length on the failure probability. Then, the
element-wise failure probability associated tensile strength X can be
obtained with transformation of the above equation and the generation
of a random scalar P, in the interval [0,1] for the ith element:

t L a -
X; = 60[—(L—0) In(1 - P)]"o ()

A linear softening law was used to model the damage propagation
of fibres. The damage variable for longitudinal tensile failure is given
by:

86y = 65

dy = ©

Beq(8ly = 62,
where §,, is the equivalent displacement after damage initiation, 5?q is
the equivalent displacement at which the damage initiation criterion is
satisfied (D = 1), and 5{,, is the equivalent displacement at which the
material is failed (d r=1.

To avoid mesh-dependent damage localisation, the softening re-
sponse after damage initiation was characterised by a stress—
displacement response rather than a stress—strain response. The crack
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Fig. 2. Three constituents based RVE models for matrix and interface dominant failure (RVE1) and fibre dominant failure (RVE2).

Table 4 Table 5
AS4 carbon fibre properties [49]. Thermal material properties of constituents [55,56].
Constituent o, (MPa) L, (mm) a mg G, (N/mm) Constituent Density Specific heat Thermal conductivity
AS4 fibre 4275 12.7 0.6 8 0.05 Longitudinal Transverse
(kg/m?) (/kg °C) (W/m K) (W/m K)
Carbon fibre (AS4) 1500 1065 6.9 2.4
) ) o Epoxy (3501-6) 1265 1065 0.5 0.5
band model [51] was implemented to regularise the dissipated fracture Interface 1265 1065 0.5 0.5

energy:
2G ¢

§/ = =-r (10)

eq Xlt
A VUMAT subroutine was developed to predict the progressive failure
process of a single AS4 carbon fibre and then used for the stochas-
tic failure prediction of fibres in a 0° unidirectional composite in
ABAQUS/Explicit. The PLAW-related parameters for AS4 carbon fibre
are found in Table 4. It is important to note that the experimental
reproduction of the fibre failure within unidirectional composites under
longitudinal tension could be significantly improved with the consider-
ation of probabilistic failure behaviour of fibres (i.e. Weibull distribu-
tion of fibre strength [48]) and the preferential fracture tendency of
adjacent fibres determined by the fibre/matrix combination [52] and
the resulting clustering of fibre fractures [52,53]. The consideration of
aforementioned factors on fibre failure prediction under combustion is
out of the scope of the current work, thus only the Weibull distribution
of fibre strength is considered in the current work.

Carbon fibres, like CFRP plies and laminates, can exhibit anisotropic
elastic moduli and thermal conductivity and thermal expansion due
to their molecular structure [54,55]. Therefore, it is necessary to take
the anisotropic thermal and elastic properties of fibres into account
as it could influence local temperature distributions and degradation
behaviours. However, it should be noted that in the current study, such
influence could be limited since the matrix and interface fail early un-
der transverse tension and decompose at much lower temperatures, also
observed previously [38]. In addition, the difference in directional ther-
mal properties matters most in the longitudinal tension direction when
considering anisotropy, where mechanical loading plays a vital role.
Carbon fibres are thermally stable up to approximately 3000 °C, while
the peak temperatures in the studies herein are around 600-700 °C.
Therefore, anisotropic thermal conductivity of fibres should have lim-
ited influence on the final qualitative result under thermo-mechanical
loading.

The polymeric matrix was assumed to be an isotropic elastoplas-
tic solid. Temperature-dependent matrix properties, including Young’s
modulus, Poisson’s ratio and coefficients of thermal expansion, were
calculated from an experimentally fitted quadratic polynomial [56].
The extended linear Drucker-Prager yield criterion together with a
ductile damage criterion, available in ABAQUS/Explicit [57], was used
to capture brittle failure under tension and plastic deformation under
compression/shear. After the onset of damage, the propagation of
damage was governed by a damage evolution law, characterised by
the critical fracture energy of the polymer. The characteristic length
of elements was adopted to alleviate the mesh dependency of the
numerical results. The fracture strain in the Ductile damage criterion
was calibrated for different temperatures in the one-element calibration
process. Further details of this constitutive model and of the numerical
implementation can be found in Refs. [29].

The interface bonding between the fibres and the matrix was
modelled using cohesive elements with a bilinear traction separation
law. Following linear elasticity, the damage onset was governed by
a quadratic stress interaction criterion, while propagation was con-
trolled by the energy-based Benzeggath-Kenane damage criterion [42],
considering the fracture mode-dependent energy dissipation. At room
temperature, the interface fracture energy in mode I, G, is extremely
difficult to measure experimentally, so a relatively small value of 2 J/m?
was used in this study, which has been proven reasonable [29,30].
Furthermore, due to the absence of experimental data, the fracture
energy for the shear modes was assumed to be equal to 95 J /m? [58],
which is the experimentally measured fracture energy of epoxy 3501-6.
At 600 °C the material properties are assumed to be 1/100 of the room
temperature properties. The thermal material properties of the fibre,
matrix and fibre/matrix interface can be found in Tables 5-8.
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Table 6
Temperature dependent mechanical properties of constituents [46,56].
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Temperature Carbon fibre AS4 Epoxy 3051-6
O E, E,=E; G, =Gy (& Uiy =03 023 E v
(MPa) (MPa) (MPa) (MPa) (MPa)
25 225000 15000 15000 15000 0.2 0.48 4315 0.38
100 225000 15000 15000 15000 0.2 0.48 3600 0.38
200 225000 15000 15000 15000 0.2 0.48 2458 0.39
260 225000 15000 15000 15000 0.2 0.48 1821 0.39
600 225000 15000 15000 15000 0.2 0.48 18.21 0.40
Table 7 at different strains. The propagation of damage from ¢, can be seen in
Thermal expansion material properties of constituents [38,56]. Fig. 3(d) at the same locations where damage occurred. The damage
Temperature (°C)  Carbon fibre AS4 Epoxy 3051-6  Interface propagated towards both sides and finally failed when the damage
ay (X107 oy =agy (X107%)  a (x1079) a (x107%) variable d, = 1 in the centre.
25 1.80 4.14 4.14 4.14 The parameters in the Drucker-Prager yielding criterion for epoxy
200 5.40 6.25 6.25 6.25 3501-6 were calculated at room temperature and were assumed to be
228 g:ig Z.l(fs Z.l(fs Z.l(fs temperature independent due to the lack of experimental data. The
3316 5.40 44.42 44.42 44.4 hardening of the material was defined with uniaxial tensile yielding
stress at 25 °C and 150 °C. The fracture strain in the Ductile damage
criterion at both temperatures was calibrated from the experimental
Table 8 . . . . data [61] based on the one-element FE simulations. The FE model of
Temperature dependent mechanical properties of fibre/matrix interface [30,58]. . .
—— 5 P — the element and the loading and boundary conditions can be found
Temperature K, =K, =K, 10 0= Gie Gric =Gyypc . . .
0 (MPa/mm) (MPa) (MPa) o/m?) 0/m?) in Fig. 4. It can be seen that there is good agreement between the
P 10 0 o2 p Py experimenta? data and the numerical prediction with the calibrated
600 100000 0.6 0.92 0.02 0.95 fracture strain.

2.2.3. Loading and boundary conditions

In the one-way meso- to microscale coupled framework, the re-
sultant heat flux was obtained at designated nodes in 45°, 90° and
0° plies from mesoscale simulations. These heat flux loads were ap-
plied to the top surface of the RVE models perpendicular to the Y
coordinate, see Fig. 2. The heat transfer simulations of different plies
were performed using ABAQUS/Standard with a total time of 1600 s.
The predicted temperature profile in the RVE, obtained from the heat
transfer simulation, was then used as a predefined temperature field
in the thermo-mechanical failure analysis. As mentioned previously,
sufficiently large RVEs do not require periodic boundary conditions.
Rather, displacement or traction boundary conditions can be used.
Thus, in this study, resultant uniform displacements at the elements
in the centre region of the mesoscale simulations were loaded onto the
surface nodes of each RVE.

2.2.4. Validation of constitutive models of constituents

Progressive failure analysis was conducted on a single AS4 carbon
fibre to validate the constitutive model and the experimentally deter-
mined PLAW parameters [49]. In the FE model, the radius of the AS4
fibre was 3.5 pm while the length of the fibre was 200 pm. In total,
5610 C3D8R elements were used for the discretisation of the model,
in which the strength of each element followed the PLAW distribution,
see Fig. 3(a). Manufacturing-induced defects on the surface of carbon
fibre were accounted for by the randomly assigned small strength at
the outer surface, represented by the blue element at the cross-section
A-A with a comparison of the scanning electron microscopy (SEM)
image [59]. Small 3-element wide regions at opposite ends of the fibre
were assumed to be elastic to avoid edge effects. Displacements were
applied on the nodes on both sides until the fibre failed. Fig. 3(b) shows
the nonlinear stress—strain curve of the single AS4 carbon fibre under
longitudinal tension. The final failure strength of the fibre was 4430
MPa, with a 1.6% difference compared to the experimental data 4501
MPa from the HEXCEL product data sheet for HexTow®AS4 carbon
fibre [60]. At the strain ¢,, damage initiated from the weakest region
with the smallest strength at the centre when the damage initiation
index D, = 1, followed by other isolated weak regions when the strain
increased to ¢, and e;. Fig. 3(c) shows the damage initiation contour

3. Results and discussions
3.1. Mesoscale modelling results

Fig. 5 compares the temperature-time profiles measured at the front
and rear surfaces of the experimental and mesoscale simulation speci-
mens when exposed to the thermal flux of 50 kW /m?. There is generally
good agreement between the simulation and the experiment with some
slight variation in the predictions. For example, the predicted peak
temperature at the front face was 11% lower than the experiment at
the end of the simulation; however, the general trends of temperature
on both front and back faces were captured.

The temperature and flux values were extracted from the model
using the output variables NT11 and HFL, respectively. Fig. 6 shows
the variation in predicted temperature and flux at the central nodes at
the top, middle and bottom surfaces of the ply one. It can be seen that
the variation in both measures is small across the thickness of the single
ply, varying by around 6 °C or less than 1%.

Fig. 7 shows the heated surface and through-thickness thermal
damage profiles after flux loading of 50 kW/m?. The moderate damage
area (areas where 300 °C < T < 500 °C) was 6050 mm? and extended
through the entire specimen thickness. The severe damage area (areas
where T > 500 °C) was 4500 mm? and extended twenty-three plies
deep or 3.1 mm.

Fig. 8 compares the X-ray computed tomography image of a
through-thickness section of the composite and the corresponding
model prediction of delamination following exposure to the heat flux
of 50 kW/m? for 1000 s. The predicted delamination area and depth
were 10,900 mm? and twenty-three plies (3.1 mm), respectively. The
delamination area was 80% higher than the moderate thermal damage
area.

3.2. Thermal analysis at the microscale

3.2.1. The effect of fibre distribution

The microscale temperature distribution at the mid-point of the top
layer of the composite laminate (45° ply) was predicted using RVE
models considering different potential fibre distributions and data from
the 13th element of the mesoscale model.
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Fig. 3. (a) Element-wise PLAW distribution of fibre strengths and cross-section comparison with experimental SEM image [59]; (b) Predicted stress—strain curve of a single fibre
with strength distribution from (a) longitudinal tension; (c) Damage initiation contour at different strains; (d) Damage progression at different strains.
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Fig. 4. Comparison of stress—strain curves of epoxy 3501-6 under uniaxial tension at 25 °C and 150 °C between experiments [61] and one-element FE simulations.

The resultant thermal flux of 48 kW/m? at the top node of the 13th
element from the mesoscale simulation was applied to the top surface
of the RVE model. The influence of microstructure on the temperature
prediction was investigated by taking into account of four different
randomly distributed fibre distributions. Fig. 9 shows the comparison
of predicted node temperature fields with different fibre distributions at
the middle of the top layer. Due to the differences in conductivity of the
fibres and the matrix, an obvious margin between different temperature
intervals can be observed. The predicted maximum temperature ranges
from 682.1 to 685.1 °C, indicating insignificant influences from the
fibre distribution. When comparing the predicted temperatures in both
microscale and mesoscale models, there was an average difference of
5.8% between the length scales.

3.2.2. The effect of fibre orientation

The layers of interest (i.e. 45° 90° and 0° plies) were discreted with
26 elements in the thickness direction of the mesoscale models. To
compare predicted node temperatures at different length scales, three

locations, 1st, 13th and 26th elements, in the 90° and 0° plies close
to the top layer were selected to compute the temperature within the
RVE models. The resultant heat flux from the mesoscale simulation was
used as a loading condition in the RVE models. Table 9 compares the
predicted temperature from both length scales at different elements.
The temperatures in the mesoscale and microscale models were within
6%, which shows an excellent agreement.

3.3. Microscale progressive failure analysis of CFRP composites exposed to
thermo-mechanical loading

This section highlights the progressive failure analysis of the dif-
ferent plies along thickness directions under thermo-mechanical load-
ing conditions. Fig. 10 shows the transverse and longitudinal stress-
temperature curves of the RVE in the centre of the top layer 45°
and neighbouring 90°, and 0° plies following the thermo-mechanical
loading and boundary conditions obtained from mesoscale simula-
tions, respectively. The same RVE model was used to represent the
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Table 9

Comparison between predicted mesoscale node temperature and microscale ho-
mogenised temperature at different locations of 90° and 0° plies.

Scale & Ply Element 1 (°C) Element 13 (°C) Element 26 (°C)
Mesoscale 90° ply 639.4 636.3 633.6
Microscale 90° ply 630.4 622.2 613.8
Difference 1.4% 2.2% 3.1%
Mesoscale 0° ply 625.3 622.7 619.7
Microscale 0° ply 600.6 591.7 582.6
Difference 3.9% 4.9% 5.9%

microstructure of the top layer 45° and the middle 90° layers, while
the thermo-mechanical loading and boundary conditions were calcu-
lated from the mesoscale simulation. Details of the damage initiation

and propagation of each constituent including fibres, matrix and fi-
bre/matrix interface until final failure are well captured in Figs. 11-15,
with qualitative comparison with experimental SEM images. Analysis of
damage modes during thermo-mechanical loading illustrates a process
of damage progression in the composite, at the microscale, broadly
captured by four temperature boundaries.

Initially, the specimen and therefore microscale model were at
room temperature. As thermal loading was applied to the 45° ply, the
temperature increased. At 50 °C fibre/matrix interface damage initiated
at the edges of the RVE under transverse tension, as shown in Fig. 11.
Further heating produced significant debonding of the interface when
the temperature reached 154 °C. Matrix damage initiation occurred
around 175 °C, resulting in the loss of load-carry capacity. This is
shown by the peak stress (blue line) for the 45° ply shown in Fig. 10.
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Fig. 8. Comparison of X-ray computed tomography image of a through-thickness section of the composite and the corresponding model prediction of delamination following

exposure to the heat flux of 50 kW/m? for 1000 s.

Critical damage occurred in the matrix at 200 °C with isolated failure
events.

Matrix cracking and fibre/matrix interface debonding of the 45° ply
under thermo-mechanical loading was well captured, with good qual-
itative agreement with the SEM images of the top layer 45° ply [62].
Unlike the progressive failure events of the matrix in the top layer 45°
ply, the damage to the matrix in the neighbouring 90° layer started to
initiate at 154 °C, shown in Fig. 13 which may be due to the different
resultant displacements obtained from the mesoscale simulation.

Earlier damage events in the matrix of the RVE of the 90° layer led
to a smaller predicted homogenised stress, compared to the predicted
stress of the top layer 45° ply, see Fig. 10. The predicted failure strength
of the 90° layer under thermo-mechanical transverse tension is 24
MPa, which is half of the transverse failure strength at room temper-
ature [63] due to the coupled effects of the temperature-dependent
material properties and mechanical loading.

The failure mechanisms of the 0° ply in the quasi-isotropic compos-
ite under thermo-mechanical loading was more complex than those of
the 45° and 90° ply, due to the interplay of fibre breakage and matrix
cracking and interface debonding. Fig. 14 shows the progressive failure
process of fibre breakage, matrix cracking and interface debonding
of the 0° ply. QUADSCRT, DUCTCRT and user-defined variable SDV7
represent the damage to the interface, matrix and fibres, respectively;
while the SDEG and SDV9 outputs represent the final failure of the

interface and matrix, and fibres, respectively. It can be seen that early
interface debonding was predicted at 50 °C mainly due to the difference
in thermal expansion between the interface and fibres and incident
mechanical loading. When the temperature reached 100 °C, the RVE
reached its maximum stress of 2.5 GPa due to the coupled effects of
damage onset within the fibres and matrix cracking. Random fibre
breakage was then captured by the RVE model under longitudinal ten-
sion when the temperature increased to 175 °C. The final failure of the
RVE with fibre breakage, fibre pull-out, matrix cracking and interface
debonding were predicted with a comparison of an experimental SEM
image of burned CFRP composites shown in Fig. 15 [62].

This trend shows excellent agreement with the experimental data of
quasi-isotropic AS4/3501-6 composite laminates, shown in Fig. 10. The
specific strength for the composites, shown in orange, is defined as its
ultimate failure stress normalised by density. The fitted experimental
curve with an R-square value of 0.94 shows that the composite began
to lose strength at the glass transition temperature around 100 °C.
Carbon fibres within the 0° plies of the composites were able to retain
significant strength despite the matrix being fully softened beyond
210 °C and decomposed beyond 350 °C [39]. As such, the failure of
the 0° plies of the composite can be the indicator of the final failure of
the composite under thermo-mechanical loading.
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3.4. Future experimental validation

The work herein has focused on the FE modelling of fire on com-
posite materials under thermo-mechanical loading at both meso- and
micro-scales. The mesoscale predicted temperature-time profiles at the
front and rear surfaces have been quantitatively validated by the exper-
imental data [39] and the predicted mesoscale composite interlaminar
delamination and microscale failure modes of the constituents have
been qualitatively validated by the X-ray computed tomography im-
age [39] and SEM images [62]. However, further future experimental
validation could enhance the findings and accuracy of the models
used. In order to improve the models, particularly at the microscale,
a considerable research effort is needed to determine the constituent
material behaviour under extreme heating and loading rates. An ad-hoc
and carefully designed fixture with heating device could be used with
In situ synchrotron computed tomography to investigate the interplay
of decomposition of resin and mechanical damage progression for pure
resin and CFRP composite. Moreover, push-in and push-out tests based

10

on aforementioned experiment method could be used to determine
the temperature-dependent mechanical properties of fibre/matrix inter-
face. These experiments could significantly improve the understanding
of the resin and interface deterioration behaviour and relative offset-
ting of degradation with heating rate. Thus, the constitutive model
of resin and the microscale numerical results could be appropriated
quantitatively validated.

4. Conclusions

This work proposed a multiscale sequentially coupled thermo-
mechanical modelling framework for the progressive failure analysis of
AS4/3501-6 composite material exposed to fire. Firstly, heat transfer
was modelled using a mesoscale simulation to predict the temperature
profile in the laminate. Thermo-mechanical analysis then characterised
the delamination within the laminate at the mesoscale. The heat flux
obtained from the mesoscale simulation was then used as an input for
the microscale simulations, applied to the top surface of RVE, to predict
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the temperature distribution in the RVE. This predicted temperature
distribution was then applied as a predefined field for progressive
failure analysis of RVEs under thermo-mechanical loading informed by
the mesoscale simulation. The main conclusions are listed below.

» Mesoscale simulations could effectively predict the temperature
profile through the laminate with good quantitative agreement
between predicted and experimental front and rear surface tem-
peratures.

» Temperature predictions at different locations at both the meso-
and microscale are in good agreement and the fibre distribu-
tion within the RVE model had insignificant influence on the
homogenised temperature.

» The multiscale framework was capable of capturing the mesoscale
interlaminar delamination and microscale fibre breakage, ma-
trix cracking and interface debonding, with quantitatively and

11

qualitatively excellent agreements with experimental findings,
respectively.

+ The laminate can still withstand high tensile loads after the epoxy
matrix had undergone glass transition softening, which high-
lights the significance of the carbon fibres in providing superior
mechanical structural performance when exposed to fire.

+ The failure of 0° plies within the laminate can be the indicator of
specimen final failure under thermo-mechanical loading.

It is worth noting that the modelling strategy in this study is not only
capable of simulating the failure of composites under high temperature
environment but also at room temperature. The matrix cracking and
fibre/matrix interface debonding under transverse tension, and the
matrix yielding under transverse compression and in-plane shear were
captured at the microscale and the predicted strengths are validated by
the experiments with the same modelling approach at room temper-
ature [29,30]. However, it should be mentioned that the results and
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Fig. 15. Predicted matrix cracking and interface debonding in 0° ply compared with the SEM image of burned CFRP composites [62].

findings may only be valid for specific materials and ply configurations
because the progressive failure mechanisms may change with different
materials and layup sequences. In any case, the framework could be
applied to the progressive failure analysis of composite structures with
customised needs under thermo-mechanical loading.
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