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Abstract

In this paper, a novel microscopic modeling strategy is proposed to investigate the effective
thermal conductivity of composites with consideration of stochastic interface defects. To this end,
the subdomain boundary element method combined with asymptotic homogenization is proposed
to effectively solve the thermal conduction problem. In order to accurately capture the heat flux on
the boundary and the internal region in the representative volume element (RVE), a parameterized
sub-cell is constructed to discretize the RVE. On this basis, the influence of stochastic interface
defects on the thermal conductivity of composites is investigated by utilizing the Monte Carlo
method. Specifically, the effect of the location, length, thickness, and area of the interface defects
on the thermal conductivity is investigated. A proportional decrease in the transverse thermal
conductivity coefficient is found for interface defect areas ranging from 1% to 10%.

Keywords: Interface defect; Subdomain boundary element method; Composites; Effective
thermal conductivity; Monte Carlo method

1. Introduction

Fiber-reinforced composites (FRC) have been increasingly used in the automobiles, aerospace,
bridges and railway applications. Considering the influence of ambient temperature variations,
extensive attention has been given to heat-related issues of the FRC. However, heat transfer in
composites is complex due to their inherent heterogeneity and diverse internal structures, which
brings challenges to the study of these issues.

In the last few decades, various approaches have been proposed in the literature to evaluate the
effective thermal conductivity of composites, including experimental analysis [1-2], theoretical
models [3-4], and numerical models, such as Finite Element Method (FEM) [5-6], Extended Finite
Element Method [7], Generalized Finite Difference Method [8], etc. Naturally, a composite material
has complex and diverse internal structures that have to be simplified to model it either analytically
or numerically. For example, by assuming that the size and shape of inclusions in the matrix material
of a composite are all the same and the inclusions are distributed periodically within the matrix, a
so-called representative volume element (RVE) can be conveniently selected to approximately
represent the microstructure of material [9-11]. Thus, micro-scale models can be used to study the
macroscopic physical properties of a composite material [12]. In this respect, Wang and Qin [13]
investigated interface effects on the micro- and macro-thermal behaviors of square-pattern
unidirectional FRC. Zhao et al. [14] developed a 2D finite volume method (FVM) to evaluate
transverse thermal conductivity of continuous FRCs. To determine the effective thermal
conductivity of short FRC, Vieira et al. [15] used hexahedral elements to discretize RVE at a
microscopic scale. Although significant progress has been made, including the aforementioned,
some concerns still remain. For instance, a very dense mesh is needed for a FEM or FVM model in
the regions of concentrated heat flow or complex geometry, which has a significant negative impact
*Wsmnding authors.
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on the computation efficiency. This becomes even more challenging when interface defects are
considered, which inevitably requires more elements for the interphase layer.

Boundary element method (BEM) exhibits an attractive potential in solving heat transfer
problems for composite materials. Compared to FEM and FVM, BEM only discretizes the boundary
of a solution domain, which results in a significant reduction in the number of required discrete
elements, so that a higher calculation efficiency can be achieved when the interfaces are considered
[16]. Ochiai [17] demonstrated that three-dimensional heat conduction in non-homogeneous and
functionally gradient materials can be studied approximately without the use of a domain integral
by the triple-reciprocity BEM. Fahmy [18] developed a new boundary element formula for
simulating nonlinear temperature distribution of electrons, ions, and phonons in carbon nanotube
fiber-reinforced composites embedded with dense rigid line inclusions. It is, however, not
convenient to use BEM in the domain of multiphase materials since it is normally difficult to obtain
fundamental solutions for such heterogeneous materials. In recent years, the subdomain boundary
element method (SBEM) was developed to divide a domain into many subdomains for a partitioned
non-uniform media, where the media of each subdomain is uniform. For example, Oberg et al. [19]
studied the thermal conductivity of two-dimensional materials with non-uniform composition using
SBEM. Wang et al. [20] developed a fast SBEM for three-dimensional large-scale thermal analysis
of FRC. Dong et al. [21] used SBEM and the Maxwell uniform scheme to calculate the effective
thermal conductivity of two-dimensional and three-dimensional heterogeneous materials. Qu et al.
[22] utilized the generalized self-consistent scheme in conjunction with the isogeometric SBEM to
investigate effective thermal conductivity. Gong et al. [23] used integral equations to calculate the
effective thermal conductivity of steady-state composites, considering only the temperature on the
interface as the unknown. Sapucaia et al. [24] proposed an effective 2D pixel-based boundary
element formula to calculate the effective thermal conductivity of heterogeneous materials by
representing each pixel of a digital image as a subdomain with four boundary elements. The above
research has significantly promoted the development and application of SBEM in investigating the
effective thermal conductivity of composites. However, all the above studies assumed that interfaces
were perfect, i.e., by ignoring the imperfections of the interfaces between the matrix and the fiber.
Consequently, these simplified models resulted in less accurate predictions of the thermal
conductivity.

During the manufacturing process of a FRC, defects inevitably form inside the composite. These
defects can be classified, based on their location, into matrix, fiber, and interface defects. Among
them, interface defects include delamination in composite laminates and defects between fiber and
matrix [25], such as interfacial pores between matrix and fibers [26]. This is attributed to the
different thermal expansion coefficients of the matrix and the fibers, as well as the challenges in
process control. The interface studied in this paper specifically refers to the interface between fibers
and matrix, a channel for transmitting thermal loads between different constituents. Early work
almost exclusively introduced a third-phase material named the interphase layer between fibers and
matrix to study the influence of interface defects. Hasselman et al. [27] investigated the effect of
interface defects on heat transfer by incorporating an equivalent contact thermal resistance into the
continuous boundary condition of heat flow. In the studies mentioned above, the interface defects
are always simplified as a thin layer structure that surrounds the fibers, and the influence of interface
defects can be introduced by changing effective thermal conductivity [28-29]. It has been recognized
that the simplification of interface defects as a thin layer structure is not sufficiently accurate
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because the influence of the location of interface defects, which often leads to local concentration
of heat flux, is ignored. This is also an important factor in the heat conduction analysis of composites.
To address these concerns and improve the accuracy of heat transfer analysis in composites with
interface defects, modeling interface defects with stochastic position needs to be further investigated.
Apart from the location, the shape of interface defects also needs to be considered. In real situations,
interface defects may be irregularly shaped and influenced by multiple factors. In theoretical or
numerical analyses, interface defects may be idealized as defects of simpler geometric shape to
facilitate calculation. The idealized shapes include but are not limited to hemispherical, semi-
circular [30], and elliptical defects [31], etc. A sector ring can also be used as an idealized geometric
model for interface defects, and it follows the well-known cavitation phenomenon in a variety of
matrices [32].

This paper proposes a new computing framework that combines asymptotic homogenization
theory with SBEM to calculate effective thermal conductivity of FRC with consideration of the
influence of location, length, thickness, especially, the area of interface defects. The framework
provides a new approach to improve the accuracy of the predicted thermal conductivity of composite
materials with stochastic interfacial defects. The paper is organized as follows. Section 2 briefly
introduces the asymptotic homogenization method and SBEM modeling, which is utilized to study
thermal conductivity and steady-state heat transfer of composite materials. Section 3 focuses on
studying the effect of fiber volume fraction (FVF) on the effective thermal conductivity and local
heat flux field. The accuracy of the proposed method is verified by comparing it with experimental
data. The temperature field and heat flux distribution are then studied. In Section 4, the node pair
decoupling method is used to simulate interface defects, and the Monte Carlo method is
implemented to describe the stochastic interface defects. Specifically, the influences of length ratio,
thickness, and area of the defects are considered. Section 5 is the conclusion.

2. Modeling process of continuous FRC

2.1. The asymptotic homogenization with multi-scale method for heat conduction of FRC

For a typical periodic composite material, the multi-scale modeling process for FRC is shown in

Fig.1, where a body of FRC occupying the region, Q, described by the macro- coordinate system

x,-x,-x, with boundary, I", as shown in Fig. 1(a). I" consists of temperature boundary I', and

heat flux boundary T',, thus I',UT, =T and I\, =@ . At the microscopic scale, it is

considered that the reinforcement phase is periodically distributed in the matrix. Fig. 1(b) shows the
periodic fiber arrangement in the FRC. The RVE can be used as to a microscopic model for the

analysis. Fig. 1(c) shows a selected RVE with a local coordinate system y,-y,-y; . It is the periodical

cell (Y) of the FRC.
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Fig. 1. Macro- and micro-structure of the composites: (a) FRC, (b) Periodical arrangements of the

reinforced fibers, (¢c) RVE.

If the body shown in Fig.1(a) is a homogeneous media, as well known, the governing equation
for steady-state heat conduction without internal heat sources can be expressed as:

0 or
—|k,—1|=0 |
6x,{ Y ax/} M
subjected to the following boundary conditions:
I'=T, onI,
2
—ka—T =q, onl, @
on

where 7, denotes temperature 7 on boundary I',. ¢, is a heat flux on boundary T, .

n=(n,n,,n,) is the unit outward normal vector of boundary I'. g, =k, S—T is the heat flux
x

parameter, and k, denotes thermal conductivity.

As for the composite material shown in Fig. 1, the governing equation for the steady-state thermal
conduction at a point of the composite without internal heat sources is:

8| (or?
—| k =0 3
ox, { boox, )
with the boundary conditions:
TV =T, onT,
() 4
(09T _
—k; o q, onl,

Here & is a perturbation parameter, which is associated with the characteristic dimension of
inhomogeneity of the composite. For a periodic structure, & is the dimension of the periodical cell
(RVE), as seen in Fig. 1. Since the characteristic dimension of the periodic cell to the macroscopic
body Q is very small. ¢ is a very small positive number, i.e., 0< & <<1. Mathematically, this
fact is formalized in the form & — 0 [33]. The heterogeneous macrostructure of the composite can

be regarded as a homogeneous macrostructure.
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The relationship between the macroscopic scale coordinate x and the micro scale coordinate
y for the periodical structure can be expressed as:

y=xle¢ ®)

Due to the assumption of periodicity, the thermal conductivity coefficient, kéff) can be described
by periodic functions in spatial variable of the following form:

ki(ig) =kii(x/g):kl.j. (y) (6)

A direct numerical solution of Eq. (3) is challenging due to the rapid oscillation of the coefficients

ké,'g) . The asymptotic homogenization theory provides an alternative approach to solve the problem.

Mathematically, by letting & — 0, the weak limit of differential Eq. (3) results in:

o fmar]_, -
ox, | 7 ox,
with the boundary condition:
T=1T, onl
oT ®)
—k;' ot r,

where k;[ is the homogenized constant tensors, i.e., effective thermal conductivity, T is the

homogenized temperature. As a result, Eq. (3) is reduced to the steady-state heat conduction

problem of a homogenized material [33].
The temperature T (¢) (x) can be expressed as an asymptotic expansion of the small parameter
&, that is:
7€) (x)= 7l (x,p)+ Pl (x,p)+ 22l (%, )+ 9)

where y=x/¢& isthe “fast” variable and X is the “slow” variable of a two-scale expansion. 7
is the asymptotic order.
By y=x/¢, there exists the following chain rule:
o ,0,18 0
ox, Ox, &0y (10)

After inserting Eq. (10) and Eq. (9) into Eq. (3), the following equation is obtained by organizing
the terms in terms of the same order of ¢:

&? [LIT[O] (x, y)] +¢! [L,T[l] (x,p)+ L,70 (x,y)]

(11.1)
+e° [LITP] (x,9)+ LT (x,p)+ LT (x, y)] +&'[-]+--=0
where,
0 0 0 0 0 0 0 0
L=—k (x,y)—, L, =——Fk (x,y)——-——k (x,y)—, L, =——k (x,y)—
T, ”(xy)ay,. 2Ty, ”(xy)axj o ’f(xy)ayj T ok 'f(xy)axj'(“-z)

To be identical to zero, each factor of the power of & in Eq. (11) must be equal to zero. For

5



171
172

173

174

175

176

177

178

179

180
181

182

183

184

185

186

187

188

189

190

191

(0]

example, for &7, LT (o] (x, y) =0. Therefore, 7' is only a function of x, independent of the

microscopic coordinate y . Thus Eq. (9) can be rewritten as [33-35]:

T (x) =T (x)+ 36T (x, ) (12)

n=1

Functions 7" (x,y) areassumed to be periodical in terms ofy. Function T (o (x) isafunction
of X, and is the homogenized temperature solution of Eq. (7).

The first order solution of T!" (x, y) associated with the term of ¢! in Eq. (11) can be written
as,

aT[O]
ox.

J

' (x.9)= 2" (») (13)

where y/ ( y) is the characteristic function which is only related to the microscopic scale

coordinate, independent of the macroscopic scale coordinate system, and the periodicity in y with
periodical cell (RVE)Y, which is given by:

J
0[N o oy
7 (y)=0, yeody

The homogenized thermal conductivity coefficient can be defined by the characteristic function

2 (»):

1 ox' (v
k::mjy[kij+kiq ( )JJY (15)

,

where |Y| is the volume of the RVE.

Eq. (14) can be converted into the following form,

_i[k[ {61"(y)+57"(J’)B:0 (16)
oy |

v, ,

oy’ (»)
oy

where =08, is the temperature gradient along ¥, , and 6, (/.¢=1 2, 3) is the

q
J

! can be further expressed
,

Kronecker tensor. Moreover, the temperature gradient vector V?”;; =

explicitly as:
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Vy' =401Vy’ =41:Vy> =10 17)
0 1

Considering Eq. (17), the right-hand side of Eq. (14) can be further expressed as follows:

0 0 ;
—k,=—k Vy! 18
v, oy 4
Eq. (16) can be further simplified as,
P .
—\k V(W ))=0
2 1KY 7)) (19)

where W/ = y/ +y/.

The boundary conditions are specified by Eq. (17). The temperature on the boundary of the RVE
is subjected to the unit average temperature gradients with only one nonzero component in the
respective coordinate directions. The effective thermal conductivity Eq. (15) can be then expressed
as:

(
(20)
(

where ¢, is the flux components corresponding to W/ . This paper employs the subdomain

boundary element method to solve the heat flux within an RVE numerically. Initially, the boundary
integral equation with periodical boundary conditions is discretized. In a steady-state condition, at
the interfaces between the matrix and fibers, the temperatures are considered the same in both
materials. Thus, the heat fluxes and temperatures of all the elements on the boundary and interface
can be calculated. Next, the temperature and heat flux at any internal point of the RVE can be
calculated by following the standard boundary element solution procedure. Finally, the

homogenized tensor kf can be calculated by Eq. (20), which is detailed in Section 2.2 and 2.3.

2.2. SBEM for composites

Based on the analysis presented in the previous section, the asymptotic homogenization approach
converts the solution of a steady-state heat conduction problem (Eq. (3)) into a local unit cell
problem (Eq. (14)) and a macroscopic homogenization problem (Eq. (20)), effectively alleviating

the complexity associated with directly solving multiscale heat conduction problems using

7
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numerical methods. Compared with other domain methods, the unique feature of the boundary
element method is that it only requires mesh partitioning at the boundaries or internal interfaces of
the solution region. Moreover, while maintaining a high accuracy, the number of degrees of freedom
in a boundary element discretization is significantly fewer than that in a finite element discretization.
Consequently, employing the BEM to solve unit cell problems not only simplifies the task of
meshing these cells but also drastically reduces the cost of the computation, thereby significantly
enhancing computational efficiency. The following sections present the discretization process and
the algorithmic workflow for the BEM.

To solve the first-order cell problem using the BEM, it is required to formulate the boundary
integral equation corresponding to Eq. (14), which y’ satisfies. For the boundary integral

equation that satisfies Eq. (14), the fundamental solution satisfies Eq. (21) is [35]:

ka(Q)T(Q)ayl( (ng P)]dQ:_k(p)T(p) @

where Q and P are the field point and source point, respectively; T (P) is the temperature at

source point P; ¢(Q) is the heat flux at the field point Q; u (Q,P) is the fundamental

solution of the two- dimension (2D) or three-dimension (3D) problem, as follows:

%In (lj for 2D problems

* 7Z. r

u(Q:.P)=1" (22)
— for 3D problems
drr

In Eq. (22), 7 is the distance between P and Q.

Using the fundamental solution #" as the weight function and integrating Eq. (14) result in:

/ ok,
[ (o P) [ \ ‘ZZ Jdnjyu*(Q,P)a 7 gy =0 (23)

Integrating by parts the first integral in Eq. (23) and considering the Gauss divergence theorem

and the fundamental solution, the integration of the left-hand-side of Eq. (23) becomes:

[w ()2 ((Q)a“Q)JdY=—c<P>k<P>zf<P>—Lyu*<Q,P>q<Q>ds

oy, ,

(24)
¢ o' (0.P) (0.P) ok ,.
Ly - k(0)x (0)dS + j o ay,. (0)dy
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L o for 2D problems

oy’ (0 . ou" (0O, P B
where ¢(Q)=-k(0) Za,(, )’ g (0.P)= ((3%12 )= 2731* 6gr ‘
————— for 3D problems
4rxr” On

Then, the integral equation associated to the characteristic function can be obtained:

~C(P)k(P)W’ (P):jﬁyu*(Q,P)q(Q)dS+Lyq*(Q,P)k(Q)Wf(Q)dS

o (o.P)ok(Q) 25)
) v ; o)

where C (P) =1- 2i is the geometric coefficient at the source point P; & is the external angle
Vs

of the boundary at point P . The boundary is assumed to be smooth, thus, C is0.5.

The first two terms in Eq. (25) are boundary integrals, while the other integrals in the equation
are domain integrals that are the results of the varying thermal conductivity of the heterogeneous
materials. In this study, the domain integrals can be avoided by using the subdomain boundary
element method (SBEM) that establishes boundary integral equations for fibers and matrix
separately.

By SBEM. The solution domain can be further divided into several sub-regions according to the
computational needs, over which the respective boundary integral equations are established.
Naturally, new equations on the interfaces between the adjacent regions are formed.

A two-dimensional model of the RVE is shown in Fig. 2. The boundary integral equations for the
matrix and fiber can be established as,

C(Pu* (P)+ [, ,.4"(Q.P)u" (Q)dr(Q)

[ 1 (0.P)g" (Q)dr (Q) (26)
C(P)MB (P) + Jr"q* (Q’P)”B (Q)dF(Q) = __[r.,”* (Q,P)(IB (Q)dF(Q) (27)

where, u=ky’, and the matrix contains the outer boundary T'' and the inner boundary T'", the

latter represents the common boundary between fibers and matrix. The superscripts A and B
denote matrix and fiber, respectively. The outer boundary I'' consists of temperature boundary

I'', and heat boundary I'',.
Egs. (26) -(27) are further expressed in a matrix form, that is,

(1} HQ]{EL}:[G? G;‘]{:L} (28)

2

or

H"u® =G®¢® (29)
where matrix H contains the integrals of heat flux fundamental solution ¢~ on the boundary. The

matrix G contains the integrals of temperature fundamental solution #" on the boundary. u’
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and q are the nodal temperatures and heat fluxes on the external boundary T'', respectively.

u) and q) are the nodal temperatures and heat fluxes at the interface I'". From the continuity

of the temperatures and the equilibrium conditions of the heat flux, one has the following relations:

u) =u® (30)
q, =—q" G
=) @
Let,
QU=—(G*) H" (33)
Thus, Eq. (32) becomes,
a! =[QU]u} 69

Substituting Eq. (34) into Eq. (28) yields:
uA
[u w3 -G} [QU]]{HL}=G?<1(‘ )
2

After applying the periodic temperature boundary conditions to all the nodes of the outer
boundary I'' of the RVE, Eq. (35) can be rearranged and expressed in the form of the following
linear algebraic equations:

[4]{x}={F} (36)

Where {X } is a vector containing the unknown nodal temperature and heat flux on the boundary.

From Eq. (22), it can be obtained that:

. - for 2D problems
* Ou (Q’ P) 2rr
u (QP)=——"=>=1 7 37)
' o i for 3D problems
nr
where 7 and 7; are, respectively:
S 2
r= Y (x¢ -x") (38)
i=1
or  x2-x"
= o T, (39)
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or x@ —xf 3
PR
In which f is the dimension of the problem, and l »
o 5w
6xiP r !
Therefore,
au*_a_u*ar__l (—}”)_i (40)
6xiP or ax,.” 2xr 2 @
8u* _6_14* or [ 1 (l")_—i (40D)
ax,.Q or ax,.Q 27 )N 2zr
o ou’ ou’
From Eq. (40a) and Eq. (40b), it is noted that v = "0 Furthermore, the heat flux at an
X; x;
internal point can be calculated by:
4,(P)=~] u,(0.P)4(Q)dT(Q) - | 4,(0.P)g(Q)dT(Q) @1)

where the fundamental solution q:. can be derived from Eq. (42):

o

on

_ 5 [nl. - ZIjilj_jn_iJ for 2D problems
( j 27y (42)

x 0
(0,P)=—
4(0.P)=—

1

1

drr

3 ':ni — 3r’i;jjnj] for 3D problems

2.3. Discretization of the RVE

A two-dimensional model of the RVE (Fig. 2(a)) is discretized by the boundary elements (Fig.
2(b)). The SBEM can calculate the heat flux and temperature at each node on the boundary. In order
to accurately solve the internal flux distributions and conveniently performed the integration, the
RVE is further discretized into a series of parametric sub-cells, as depicted in Fig. 2(c). The
coordinate mapping relationship is shown in Fig. 2(d), where the four-node isoperimetric element
is a typical internal parametric sub-cell. For the kth kth sub-cell, the node mapping relationship

between the coordinate system (,,;) and the reference coordinate system (&,7) is as follows

[36]:
4 ~
70,8 =D N (1.5 ,i=2,3 (43)
7=

where f=1,2,3,4 and f+1—1 when f =4. The superscript k represents the number of
quadrilateral sub-cells. The coordinates £ and 7 range from -1 to 1. In the coordinate system,

the shape function can be written as a function of the node coordinates, that is:

11
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309 (44)

Ny (.) = i(l F )1+ E) Ny (7.6) = i(l )1+
Boundary element QO

Matrix

f

Y
;

5
1

Fiber

(a) (©

(-11) 4 A yz,yg)m
FZ
(0,0) ()"

(d)
Fig. 2. Microscopic modeling scheme of the continuous FRCs: (a) 3D RVE, (b) Discretized boundary,

(c) Discretized RVE with parametric sub-cells, (d) Mapping relation between the reference coordinate system

and the actual coordinate system.

310
311 3. Thermal conductivity of unidirectional FRC

312 The mixing rate formula has been proved to be an effective method to predict the longitudinal
313  thermal conductivity with a high accuracy [37]. The investigation of transverse thermal conductivity
314  has attracted more attention due to the influence of the non-uniform material properties and
315  geometric shapes, which exhibit periodical variations. Herein transverse thermal conductivity of
316  unidirectional composites is investigated.

317 3.1. Thermal conductivity of composites with different fiber content

318 To study the influence of fiber volume fraction (FVF) on the transverse thermal conductivity,
319  carbon FRC and glass FRC are both considered. The constituent material parameters are shown in

320  Tablel, where K, and K, representtransverse thermal conductivity of the matrix and the fibers,

321  respectively. FVF of 0.2 ~ 0.7 with an interval of 0.05 are considered. To verify the proposed method,

322  numerical results obtained from FEM and the experimental tests are compared [38] in Fig. 3. From

323  the numerical results, it can be seen that the transverse thermal conductivity increases exponentially

324 with the increase of FVF. In addition, it can be observed that the numerical results from the SBEM

325 show good consistency with the experimental data, and is closer to the experimental results than the
12



326 FEM results.

327 Table 1
328 Thermal conductivity parameters of the constituent materials.
Transverse thermal conductivity K (W m7K! )
Materials
Ky Ko
Carbon FRCs 66.6 0.1
Glass FRCs 1.06 0.24
329
3 [ BEM( K % _‘4 5 ‘
—— ;oo K o =066
7 || —o— BEM( Kf/Km=666) S
_g _FEM( K /K =44) /
f m
6L FEM( K /K =666) ¢ 7]
—-6- S m
5 ® Experimental ( K /K e 4.4) i
N Experimental ( K /K = 666)
N4 f"
[~
3
2
1@ i
0 \ \ \ \ \
0.2 0.3 0.4 0.5 0.6 0.7
FVF
330 Fig. 3. The relationship between the FVF and transverse thermal conductivity.

331  3.2. Local temperature and heat flux analysis

332 Consider a glass FRC with a FVF of 0.45. A transverse temperature gradient of 1°C/m is applied
333  on the RVE, where the temperature on the left- and right-hand sides of the RVE boundaries are
334 -0.5°C and 0.5°C, respectively. The numerical results of the local heat flux and local
335  temperature distributions are shown in Fig. 4. For comparisons, the numerical results obtained by
336  the FEM are also shown in the figure. The local heat flux fields predicted by the two methods agree
337  with each other well. In addition, from the obtained heat flux and the temperature on the RVE
338  boundary, the SBEM can analytically compute the heat flux of an arbitrary point in the domain,
339  which makes it more convenient to study the heat flux of any region of interest.

13



340
341
342
343
344
345
346
347
348

349
350
351
352
353
354
355

SBEM

0.02

I -0.02

-0.06

FEM

q, (W Im?) q, (W Im?)
-0.1

0.1
0.15
02
025
03
035
04
045
05
055
l -
I -0.14
-0.17

Fig. 4. Local flux and temperature comparisons between the FEM and the proposed SBEM under

transverse grad £ =1C/m .

To further investigate the influences of FVF on the heat flux, three different fiber contents are
considered in Fig. 5. It can be found that there is a significant increase in the local heat flux within
the RVE as the FVF increases. In addition, a concentration of heat flux is clearly observed at the
interface region, indicating an uneven distribution and notable heat accumulation between the
matrix and the fiber. Consequently, this non-uniform heat flux distribution may result in microscopic
thermal damage on the interface. The patterns of the flux distribution are similar to those from other
studies [33, 39], since the same principle of the homogenization procedure is followed, and similar
geometry of the selected RVE are used.

-0.3 -0.3

-0.7 -0.7

-0.8 -0.8

-0.9 -0.9
@

(®)
Fig. 5. Local flux distribution with consideration of FVF: (a) FVF=25%, (b) FVF=45%,
(c) FVF=65%.

3.3. Temperature/flux distribution on the interface

To calculate the temperature and flux distributions with high accuracy, the circumferential
interface is averagely discretized into 360 elements. FVFs of 0.35, 0.45 and 0.55 are considered,
respectively, and the numerical results are shown in Fig. 6. It should be noted that some interface
nodes are hidden deliberately for better display of the nodal information. Fig. 6 (a) illustrates the
temperature distribution on the interface. It can be seen that the temperature profile, with
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356  consideration of the FVF, is smooth and continuous. Fig. 6 (b) and Fig. 6 (c), which depict the heat

357  flux components on the interface along the y,-and y;-directions, respectively. Under the same

358  temperature gradient conditions, the variation range of the temperature and the heat flux on the
359  interface are sensitive to the FVF. An increase in the FVF can significantly increase the variation
360  range of the temperature and heat flux. This means that volume fraction plays an important role in

361  influencing local response, especially in the y,- direction, which is the main direction of heat

362 conduction.
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4. Influences of interface defect on the effective thermal conductivity

In the preparation process of a composite, some stochastic defects (pores or microcracks) are
prone to occur at the interface [40] and potentially influence the properties of the composite. Due to
the fact that the thickness of microcracks is much smaller than the size of pores, their effect on
material thermal conductivity is relatively limited [41]. In view of this, this study only focuses on
pores with clear thickness characteristics as representatives of interface defects. To evaluate the
influences of interface defects on the thermal conductivity, the position, length and thickness of the
defects are taken into consideration.

4.1. Modeling and analysis

4.1.1. Interface defect modeling

To accurately describe the defects on the circumferential interface, a parameter p is introduced,
which is the ratio of the total length of interface defects to the entire circumferential interface length.
As shown in Fig. 7, the central circular and the surrounding area are the fiber and matrix,
respectively. The shaded regions surrounding the fiber are the interface defects between the fiber
and the matrix. The defect thickness ¢ is defined by the dimensionless parameter ¢/r, where r
is the fiber radius. Thus, 0< p <1, where p=1 indicates that a fiber is completely detached
from the surrounding matrix, while p =0 denotes that the interface between a fiber and the

surrounding matrix is perfect.
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Fig. 7. Interface defects between fiber and matrix in composites: (a) p=1,

) O<p<l(c) p=0.
384
385 During the numerical simulation by the SBEM, the node decoupling technique is used to simulate

386 the interface defects. When a perfect interface is considered, the elements of the fiber and the matrix
387  share a common node, e.g., A or B, as shown in Fig. 8(a). However, when interfacial damage is
388  taken into account, as shown in Fig. 8(b), the node pairs B*-B~ and A"-A" are positioned at the
389  same coordinates on the interface, belonging to the subdomains on both sides of the interface. Herein

390 theinnernodes A~ and B~ are the fiber nodes, and the outernodes A* and B* are the matrix
391  nodes. Interface defect is also considered as an air gap, assuming it possesses a thermal conductivity

392 value of 0.026(W -m'K") [5].

i A b { \
x Interface defect
(a) (b)
Fig. 8. Node pairs at the interface: (a) Coupled node pairs, (b) Uncoupled node pairs.
393
394 The method presented by Hasselman [27] is used to quantify the influence of defects on thermal

395  conductivity by introducing an equivalent contact thermal resistance. The presence of contact
396  thermal resistance results in a temperature difference between the fiber boundary and the matrix
397  boundary, which is ultimately reflected by the temperature difference of the interface nodes. In other
398  words, interface nodes A" and A~ have different temperature. However, the heat flux of the
399  fiber phase and the matrix phase at the same interface node remains equal. The mathematical
400  equations are as follows:

—T
t

401 -y (~k,VTy )=k, B )
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- m (46)

where, n, and n, are the normal vectors of the fiber and matrix on the interface, respectively.

kf, k, and k, are the thermal conductivity of the fiber, matrix, and air, respectively. VT, and

VT, denote the respective temperature gradients within the fiber and the matrix. ¢ is the

thickness of the interface defect.
4.1.2 Numerical analysis

To evaluate the influences of the interface defects, an RVE model containing interface defects
with ¢/r=0.025 and p=45/360=12.5% is selected in the simulation. The position of a defect
on the circumference interface can be defined in a polar coordinate system with the fiber center
being the origin, where the endpoints A and B of the defect are shown in Fig. 9(a). As shown in Fig.

4 and Fig. 5 and Fig. 6, the heat flux concentration appears near the 0° position of the interface

and decreases sharply along the interface from 0 degrees to the other end at 7 /4 position. The

impact of interface defects located in this region on heat flux and temperature deserves further study.

To this end, the ends at 0° and =z /4 are labeled as points B and A, respectively in the following

discussion. The influence of this interface defect on the local heat flux and temperature field are
investigated. The simulation results of the local heat flux are shown in Fig. 9(b-c). For comparisons,
a finite element model is developed in this paper with interfacial defects located on the matrix side
of the interface. The interfaces are modelled by a third-phase material that has the material properties
of air. The position, length, and thickness of the defect are the same as those used in the boundary
element model. The numerical results obtained are also shown in the figure. It can be seen that the
local heat flux fields predicted by the two methods agree with each other well. The heat flux shows

significant changes along the y,- and y, - directions near the defect. In other words, the presence of

the interface defect results in heat flux concentration and heat accumulation. Consequently, the
effective thermal conductivity is affected.
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Fig. 9. Local flux distribution of model with interface defects comparisons between the FEM
426 and the proposed SBEM under transverse grad ¢ =1C/m .
427 The simulation results of the local temperature distribution are shown in Fig. 10(b, c). Due to the

428  relatively large temperature difference of the background, the influence of interface defects shown
429  in Fig. 10(b) is not significant compared to the perfect interface (Fig. 4). Therefore, a distribution
430  map of the temperature fields of the two is presented, as shown in Fig.10(c). It can be clearly seen
431  from Fig.10 that the interface defects hinder the heat transfer, resulting in different temperatures on
432  the two sides of the defect (Fig.10(c)). The temperatures on the immediate right- and left-hand sides
433  are higher and lower, respectively, than the temperatures of the same positions of the interface

434  without the defect. The maximum temperature difference is 0.073°C and located at the center of

435 the defect.
436
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446 Fig. 10. Local temperature distribution of model with interface defects.
447

448 The temperature and heat flux profiles of the matrix along the interface with a defect are shown

() Al(C)

v
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in Fig. 11. The simulation results show a significant change in the temperature and flux in the defect
area. From Fig. 11(a), it can be seen that the presence of the interface defect causes a notable increase
in the temperature within the defect area. This is attributable to that the interface defects hinder the
normal heat flow, resulting in a local temperature increase and local heat flux decrease within this
region. The heat flux in Figs. 11(b)-(c) shows abrupt changes at both ends of the defect. Notably, it
can be seen in Fig. 11(b) that the abrupt change in the heat flux at point B is greater than that at

point A. More specifically, the heat flux ¢, jumps from —0.19% /m* to —0.527W /m’ atpoint

A, and drops from—0.40W / m*> to —1.69W /m” at point B. The existence of defects leads to a
concentration of heat flux at both tips of the defect, and the degree of concentration is related to the
location of the defect tips. If a defect tip appears in a region where interfacial heat flux is high, the
degree of heat flux concentration is more intensive. The abrupt change is also observed in Fig. 11(c)

for g, atboth ends of the interface defect.
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Fig. 11. Temperature and heat flux distributions on the interface: (a) ¢ ,(b) ¢, ,(c) g5 .

4.1.3. The effects of stochastic defect on heat flux

By using the proposed SBEM, the effective thermal conductivity of the FRC with consideration
of interface defects can be evaluated. Herein, the influences of defect length, thickness and position
on the thermal conductivity are further investigated. Fig. 12 shows four RVEs with defects of
identical thickness and total defect length that are randomly distributed along the interface. The total
defect length is p =50% and the thickness is ¢/r=0.15. Fig. 12 shows the defect distributions

of the four RVEs and their respective distributions of ¢, . The calculated values of the effective

thermal conductivity considering the different positions of interface defects are 0.3912W -m 'K ',
0.4092W -m'K™",0.4157W -m 'K~ and 0.4273W -m 'K, respectively.

Fig. 12. Local flux distributions in the RVE with interface defect.

21

1 2 3 4
Thermal conductivity = 0.3912 Thermal conductivity = 0.4092 Thermal conductivity = 0.4157 Thermal conductivity = 0.4273
=)
8
=)
<
Q
<
=
[
&
Q
A
—_
s
~
S
SN—"
S




474
475
476
477
478
479
480
481
482
483
484
485
486

487
488

489
490
491
492
493

494

495

4.2 The influence of interface defect location on the effective thermal conductivity
4.2.1 The location of interface defect along the circumference

The interface defect in the RVE of length p =8.33%, thickness #/7=0.1 is chosen to study the
effect of defect location on the thermal conductivity. The location of a defect along the
circumference interface is defined by the position of the middle point of the defect, i.e., by the angle
@ inthe polar coordinates. The effective thermal conductivity of the RVE having defects at various
positions is calculated, and compared with that of the RVE with perfect interface, as shown in Fig.
13. It is shown clearly that the location of the interface defect has a significant effect on the effective
thermal conductivity. When the defect is located at 0 or 7, the equivalent thermal conductivity is
the minimum. When the defectisat 7 /2 or 37z /2,the equivalent thermal conductivity is almost
the same as that of the perfect interface. This suggests that the smaller the angle between the radial
direction of the defect center and the direction of heat conduction, the greater the impact of interface

defects on heat conduction.

0.44

&« 0435

0.43

0.425

Effective thermal conductive (W -m

0.42

Fig. 13. The relationship between the interface defect location and effective

thermal conductive.

4.2.2 Randomly distributed interface defects along the circumference

In the real situation, a composite may contain many fibers with interface defect randomly
distributed along fiber circumferences. The influence of the interface defects on the effective
thermal conductivity needs to be assessed statistically. In this paper, the Von Mises distribution is
used to describe the position of circumferential defects. The probability density function of the Von

Mises distribution can be expressed as:

Kk cos(0— )

f(9|ﬂa’<)=To(K) 47)

This formula describes how the probability density of an angle @ on the unit circle varies with
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its proximity to the mean direction u and as a function of the concentration parameter k, which

governs the degree of clustering around the mean. Where, € is an angle within the range of

[0,271']. 4 is the mean of the distribution and is also an angle within the range of [O, 27r] . K 18

the concentration parameter of the distribution, which is a non-negative real number. When x=0,
it represents a uniform distribution. 1, (x) is the modified Bessel function of the first kind.

RVEs of fixed interface defect length of p=10%, ¢/r=0.1 are considered. There are 36

identical defects randomly distributed along the interface. In the polar coordinates, starting from 0,
the mean value u of the Von Mises distribution of interface defects are setatevery z /4 interval
for the different position. The parameter x issetas x =0,3.0,6.0,10.0 for different concentration.
Five hundred Monte Carlo simulations are conducted for each combination of the distribution
parameters to obtain RVEs samples featuring interface defects at varying locations along the
interface. Subsequently, the effective thermal conductivity of each of the samples is calculated, and

the results are presented in Fig.14, wherein the horizontal axis denotes the mean( ) value of the

angular (position) distributions, and the vertical axis denotes the expected value of the effective

thermal conductivity of the distributions. It is evident that when the concentration is higher (x
value is large), the x has a significant impact on the thermal conductivity coefficient. When u

is at 0 and 7, the equivalent thermal conductivity reaches its minimum value, and at 7 /2 and
37 /2, itreaches the maximum value. However, when the concentration is poor (x  value is small),
the impact of position on the thermal conductivity becomes less significant. As & approaches 0,
1.e., the distribution of interface defects around the circumference of the fiber tends to be uniform,

the effective thermal conductivity approaches 0.4368(W -m™'K 71) . This observation suggests that

when the number of defects on an interface is sufficiently large, the thermal conductivity can be
considered independent of the position of the individual interface defects.
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Fig. 14. The relationship between the interface defect location and effective
thermal conductive under different concentration «
4.3. Effect of stochastic interface defects on the effective thermal conductivity
The microstructure of a composite with random interface defects can be characterized by a
random unit cell . Assuming that a unit cell contains / randomly distributed interface defects,
the set of all defects in this random cell can be defined as:
" :( 5 5,...5;) (48)

where one defect is represented by the following parameters:
6=(0,p,1) (49)
Thus, the thermal conductivity of the composite material with random interface defects is an

oscillation function related to the random variable v, and the effective thermal conductivity tensor
is defined as [42]:
or’ (vow')

kif[(wS) 1 kl.j(y,WS)+kiq(y,ws) Py
q

" (50)

The probabilistic moments of the effective thermal conductivity are obtained using the statistical
estimation methods, from which the expected effective thermal conductivity tensor is calculated as:

1 M
E[ K J= 57 2 )
t

where kf’ (ws ),t =1,---,M are given series of the randomly generally tensor components.

To effectively investigate the effect of the stochastic interface defects, the Monte Carlo method
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is implemented into the SBEM. A RVE model with stochastic interface defects is taken as an
example to calculate the effective thermal conductivity. The entire circular interface of the RVE is
discretized into 360 boundary elements, the nodes of some of which are decoupled to represent the
interface defects with specified length. For instance, if a defect extends across E consecutive
elements on the circular interface, £ —1 internal nodes of the elements are decoupled. With full
consideration of their randomness, these defects can be generated by using a random function within

the range of [00,3600] . The impact of stochastic interface defects on the effective thermal

conductivity of the FRC is then studied by varying the total defect length and thickness in the
simulation. Fig. 15(a) is the Quantile-Quantile (Q-Q) plot, which confirms the predictions
approximately follow a normal distribution as,

XNN(,u,GZ) (52)
where X represents the effective thermal conductivity. The parameter g is the mean of the

predictions with full consideration of different random variables. The variance o indicates the

degree of deviation from the mathematical expectation.
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Fig. 15. Probability distribution with 5000 specimens: (a) Q-Q plot,

(b) A comparison between statistical results and fitting results.

4.4. Determine the appropriate sample size

The sample size plays a significant role in determining the calculation accuracy during the
numerical calculation by utilizing the Monte Carlo method. Considering the calculation accuracy
and computational efficiency, 10 sets of samples. i.e., 200, 500, 800, 1000, 1200, 1600, 2000, 2500,
3500, and 5000, are selected for determining an appropriate sample size. The dimensionless
interface defect thickness ¢/ and the defect length P are, respectively, 0.01 and 33.33%. Table
2 shows the predicted thermal conductivity using the selected samples, which clearly indicates that
using over 800 samples has virtually the same degree of accuracy.

Table 2

Convergence trend of different specimen numbers

Sample number The mean of effective thermal conductivity coefficient (W -mTK 71) Variance
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200 0.4242 3.4E-5

500 0.4242 3.1E-5
800 0.4241 2.7E-5
1000 0.4241 2.5E-5
1200 0.4241 2.6E-5
1600 0.4241 2.8E-5
2000 0.4241 2.8E-5
2500 0.4241 2.7E-5
3500 0.4241 2.7E-5
5000 0.4241 2.7E-5

To study the distribution of each of the group using frequency density histograms and probability
density function curves, the statistical grouping method proposed by Freedman and Diaconis [43]
is used in the data sorting. Based on the distance between the upper limit » and lower limit a of

the calculated thermal conductivity, the results of all the samples are divided into 30 groups, thus,

the class interval A is A= 173;061 . The shaded area in the frequency density histogram of Fig. 16

(a) is the statistical frequency F of one interval. Correspondingly, the shaded area in the
probability density function graph of Fig. 16 (b) is the statistical probability P ofthe same interval.
Considering that the data has a normal distribution, thus,

=
20 dA (53)

P 1
A2no
The probability function is integrated over each of the interval A . With the obtained F and

P, the difference of them can be calculated as the error function. For the ith interval A,, the

corresponding F;, P, and the absolute error |Fl. - Pl.| can be obtained, from which the average

error P is calculated by:

2 |F - Rl | (54)
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Fig. 16. Comparison between statistical results and fitting results: (a) Frequency density,
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576 From the statistics, the error P will converge to a small value when the sample size is

577 sufficiently larger. Fig. 17 shows the tendency of the calculated error P for each of the sample
578  groups, which shows that the average error approaches and converges to 0.006 as the sample count
579  surpasses 1000. To consider calculation accuracy and computational efficiency, 1000 is considered
580  an appropriate sample size for this study.
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Fig. 17. Numerical results of the error with consideration of sample number.
582

4.5 The influencing factors of interface defects on thermal conductivity

583  4.5.1 Defect length

584 RVESs with a fixed defect thickness ¢/»=0.1 and five different defect lengths, i.e., p=25%,
585  33.33%, 41.67%, 50% and 60%, are considered, respectively. The frequency density histogram and
586  the probability density chart of the statistical results are presented in Fig. 18. It is evident that the
587  defect length represents a notable impact on the effective thermal conductivity. Specifically, as the
588  increase of the defect length, the mean of the effective thermal conductivity decreases from
589 0431 -m 'K to 0.401% -m'K~' with a change of the variance from 4.133E-6 to 7.022E-5.
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Fig. 18.7/r =0.1, the relation between the multiple defect length and effective thermal
590 conductive: (a) Frequency density, (b) Probability density.
591 To gain a deeper insight into the data distribution, a box plot is further featured in Fig. 19(a). This

592  visual representation of the statistical data includes a series of essential indicators, including the
593  median, minimum, and maximum values, the upper quartile and lower quartile, as well as the outlier
594  data. Herein the thermal conductivity of the perfect interface is also depicted in the graph by using
595  the red dashed lines for comparisons. It is evident that the median of effective thermal conductivity
596  decreases with the increase of the defect length p . Moreover, the distribution range of the effective
597  thermal conductivity is larger when the defect length p is greater. In addition, the presence of the
598  outliers below the lower edge of the distribution range indicates that the overall data distribution
599  represents a leftward skew. This skewness is attributed to the interface defects, which results in a
600  reduction in thermal conductivity. The correlation between the mean value of the effective thermal
601  conductivity (y) and the defect length (x) of the interface is shown in Fig. 19(b). The fitting equation
602  derived from the numerical results can be written as:

603 y =-0.0906x +0.455 (55)
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Fig. 19. Effective thermal conductivity with consideration of different defect lengths:
(a) Box plot, (b) Data fitting curve.
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In the heat conduction process, the interface serves as a heat transfer channel between the matrix
and the fiber phase. However, interface defects always hinder the normal heat transfer process. The
length and thickness of interface defects are two main factors that affect thermal conductivity. In
this evaluation, the thickness of the interface defects is fixed, and the defect length changes. When
the defect length is small, the influence of defect thickness is a dominating factor. Thus, the
reduction in the effective thermal conductivity is relatively slow as the length increases. However,
when the length exceeds a certain value (33.33%), the influence of defect length becomes the main
factor. Thus, the reduction in the effective thermal conductivity is relatively fast as the length
increases. In general, as the defect length increases, the effective thermal conductivity decreases
approximately linearly.

4.5.2 Defect thickness

RVEs of fixed interface length p=33.33% with five different interface defect thicknesses
t/r=0.01, 0.05, 0.10, 0.15, 0.2 are considered. The frequency histogram and probability density
chart are shown in Fig. 20(a) and Fig. 20(b), respectively. It is evident that the thickness of the
defects also plays a crucial role in determining the effective thermal conductivity. Similar to the
analyses on the defect length, the effective thermal conductivity obviously decreases as the defect
thickness increases, with an increasing variance.
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Fig. 20. p =0.33, the relation between the multiple defects thickness and effective thermal

conductive: (a) Frequency density, (b) Probability density.

Fig. 21(a) presents a box plot depicting the relationship between the interface defect thickness
t/r and the thermal conductivity of the FRC with a fixed defect length. Herein the red dashed line
represents the thermal conductivity of the FRC with perfect interface bonding. It is noticeable that
the median of the effective thermal conductivity experiences a certain decrease as ¢/r increases.
However, the downward trend gradually levels off. Once the defect thickness #/# reaches 0.15,
the quartile difference (length of the box) for each group remains relatively constant, indicating a
stabilization in the dispersion of the data. In addition, it is observed that the outliers are concentrated
below the boundaries of the box plot, indicating that the overall data distribution is skewed towards
the left-hand side since interface defects only reduce the thermal conductivity. Fig. 21(b) depicts the
correlation between the mean value of the effective thermal conductivity (v) and the thickness (x)
of the interface defect. In general, the relationship between the two is approximately linear. The
fitting equation is as follows:
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Fig. 21. Effective thermal conductivity of materials under multi defect thickness
conditions: (a) Box plot, (b) Correlation function.
4.5.3. Area of Defect
When considering the influence of the area of interface defects on the thermal conductivity, Eq.
(57) is proposed to take into account the arc length and the thickness of an interfacial defect. Fig.
22 shows the determination of the defect area that can be calculated as follows:

n
area = ——x X t(t + 2r
360 ( ) (57)

= pxwxt(t+2r)

where the parameter, 7, is the degree of the central angle relative to the dimensionless defect length

n
,and p=——.
P P 360

Fig. 22. The area of the interface defect.

The RVEs with interface defect areas 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1
are considered, respectively, with variable defect length, p, and thickness, ¢. The defect length
p is randomly chosen, and the defect thickness is calculated then from Eq. (57). The randomly
chosen defect length and the calculated thickness are required to be smaller than their respective
pre-defined maximum values, which is practically possible. Based on the maximum defect length,
thickness and the given area, the minimum value of defect length and thickness can be determined.
1000 defect samples are generated for each of the above 10 defect areas by Monte Carlo experiments.
The effective thermal conductivity of the samples is statistically analyzed, and the results are shown
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Fig. 23. FVF=45%, probability distribution of interface defect and effective thermal conductive

under the condition of multiple defect areas: (a) Frequency density, (b) Probability density.

Fig. 24(a) presents a box plot depicting the effective thermal conductivity distributions. It is

evident that the median effective thermal conductivity exhibits a uniform decreasing trend with the

increase of the defect area. The correlation between the mean value of the effective thermal

conductivities and the interface defect area is depicted in Fig. 24(b). It represents a strong linear

correlation, and the fitting equation is expressed as:
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Fig. 24. Effective thermal conductivity with consideration of interface defect area:

(a) Box plot, (b) Correlation function.

5. Conclusions

008

009

The present investigation proposes a new micromechanical model for the prediction of the

effective thermal conductivity of FRC with full consideration of random interface defects. This

study uses glass fiber-reinforced composite materials as the research object, but the method and

computer program can be easily extended to other fiber-reinforced composite materials. Under the
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assumption that the material solely comprises interface defects, the model idealizes these defects as
discontinuous circular arc-shaped segments distributed along the circumference of the interfaces.
This approach facilitates a quantitative examination of how the length, thickness, and area of
interface defects influence thermal conductivity. The effect of defects on thermal conductivity is
quantified by introducing an equivalent contact thermal resistance. This method streamlines the
complex heat transfer process at the contact interface but overlooks the true physical characteristics
of the interface, which can similarly affect the accuracy of the predictions. It is noteworthy that the
model developed herein is a two-dimensional RVE model, suitable only for investigating the impact
of interface defects on transverse heat conduction. To analyze the axial thermal conductivity, the
establishment of a three-dimensional RVE model is necessitated. In addition, the current model has
not fully captured all the intricacies present in real materials, thereby potentially impacting the
accuracy of predictions. The main conclusions of this study are summarized as follows:

1) The proposed microscopic model is effective in predicting the effective thermal conductivity
of FRC, which is evidenced by the validations through comparisons with the FEM and the
experimental results.

2) At the microscopic level, the temperature and heat flux at the interface of FRCs exhibit
fluctuations during heat conduction, and the heat flux distribution inside the RVE is uneven,
resulting in heat flux concentration.

3) The stochastic interface defects significantly reduce the effective thermal conductivity of fiber-
reinforced composites, and the degree of reduction is proportional to the length and thickness
of the defects.

4) The simulation results show that the area of the interface defect presents a strong linear
correlation with the transverse thermal conductivity.

5) It is recognized that due to the complexity of the micro-structure of composite materials,
thermal conductivity will inevitably be affected by other factors, such as fiber shape, internal
porosity of the matrix, and the orientation and distribution of fibers, which were not considered
in this study. Further research and more experiments will be carried out to improve our
understanding of this complex issue.
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