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Abstract Continuous glass fiber polymer–matrix com-

posites are electrically insulating and used for printed

wiring boards, but their thermal conductivity needs to be

increased without sacrificing the electrical insulation abil-

ity. The through-thickness thermal conductivity of these

epoxy–matrix composite laminates with in-plane fibers is

found to be effectively modeled using the Rule of Mixtures

with fibers and matrix mainly in parallel in the through-

thickness direction, in contrast to the series model that is

effective for previously studied carbon fiber composites.

For the glass fiber composites, the through-thickness con-

ductivity is similar to the in-plane conductivity. The con-

ductivity for woven fiber composites is increased by up to

80 % by curing pressure increase (from 0.69 to 4.0 MPa),

up to 50 % by solvent (toluene or ethanol) treatment of the

prepreg for partial surface resin removal, and up to 90 %

by boron nitride nanotube (BNNT) incorporation along

with solvent treatment. The highest through-thickness

thermal conductivity reached is 1.2 W/(m K), which is

higher than those of all prior reports on glass fiber com-

posites. The interlaminar interfaces are negligible in

through-thickness thermal resistance compared to the

laminae, as for previously studied carbon fiber composites.

The fiber contribution dominates the lamina resistance. The

fiber–fiber interface contribution to the lamina resistance

decreases significantly with curing pressure increase or

composite modification involving BNNT incorporation or

solvent treatment of the prepreg.

Introduction

Polymer–matrix composites with continuous glass fibers

are important for lightweight structural applications,

including wind turbines, automobile body, boats, concrete

structural repair, bridge decks, and oil pipelines. Due to

their electrical insulation ability, they are also used for

printed wiring boards and electrical insulation. However,

they exhibit low thermal conductivity. Thermal conduction

is important for heat dissipation, which is one of the most

critical issues that limit the performance, power, and fur-

ther miniaturization of microelectronics and light-emitting

diodes. With the continuous fibers in the plane of the

composite panel, in-plane thermal conduction is important

for heat spreading, while through-thickness thermal con-

duction is important for heat removal, particularly when a

planar heat sink is used. Increased thermal conductivity is

also desired for temperature gradient reduction (hence

thermal stress reduction) and thermal fatigue resistance

enhancement.

There is considerable prior work on increasing the

thermal conductivity of polymers by using fillers in the

absence of continuous fibers. These fillers include boron

nitride (BN) particles [1, 2], graphite flakes [3], silicon

carbide particles [2, 3], silicon nitride particles [2], alumina

particles [2], and aluminum particles [4]. However, the

science is quite different and little addressed when con-

tinuous fibers are present. This is because the continuous

fibers are the major constituent (typically C50 vol%) in the

composite and are aligned. Moreover, the continuous glass

fibers are in the form of plies (laminae) and are more

thermally conductive than the polymer matrix. As a result,

a simple model in which the fibers are unidirectional and

perfectly aligned, with no fiber–fiber contact, would point

to anisotropy in the thermal conductivity, such that the
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conductivity is higher in the in-plane direction than the

through-thickness direction. Indeed, the thermal conduc-

tivity of FR-4 (a woven glass fiber epoxy–matrix composite

that is commonly used for printed wiring boards and that

includes a flame retardant, which is typically bromine) is

higher in the in-plane direction (0.81 W/(m K)) than the

through-thickness direction (0.29 W/(m K)) [5], though the

degree of anisotropy in the thermal conductivity is not

high. It was also reported that continuous glass fiber

polymer–matrix composites exhibit anisotropic electrical

conductivity with the electrical conductivity being higher

in the in-plane direction than the through-thickness direc-

tion [6]. In contrast to the abovementioned reports of ani-

sotropy, the essential absence of thermal conductivity

anisotropy occurs in aligned short glass fiber polymer–

matrix composites, with the explanation in terms of the

isotropy within a glass fiber [7]. This unexpected result on

isotropy indicates the need to study continuous glass fiber

composites, which have the fibers more clearly aligned

than the short fiber composites of this prior work [7]. In

relation to the continuous fiber composites, the science of

the through-thickness conduction is more complex than

that of the in-plane conduction; the latter is simpler

because it is dominated by conduction along the axis of the

fibers, whereas the former involves contributions from the

fibers, matrix, and fiber–matrix interface. Thus, this paper

is focused on the science behind the thermal conduction in

continuous glass fiber composites in the through-thickness

direction.

In order to improve the thermal conductivity of glass

fiber polymer–matrix composites, carbon nanotubes

(CNTs) [8, 9] and carbon nanofibers [10] have been added

to the matrix. The combined use of carbon fibers and glass

fibers [11] and the stitching of continuous copper wire [12]

are other methods that have been used. However, all these

methods [8–12] involve the addition of an electrically

conductive constituent, which would cause the composite

to lose its electrical insulation ability. For printed wiring

boards, it is desirable to increase the thermal conductivity

without increasing the electrical conductivity.

Prior work on the modeling of the thermal conductivity

of composite materials has addressed those with fillers in

the absence of continuous fibers. Examples of such mod-

eling include consideration of the dispersed phase as con-

sisting of spheres in cubic arrangements [13], consideration

of a tetragonal array of spheroids [14], the use of the

equivalent inclusion method and the finite element method

[15], the use of the finite element method based on the

resistor networks approach [16], consideration of the filler

size distribution law [17], the use of the effective medium

theory [18], and the use of the asymptotic expansion

homogenization approach [19]. In relation to continuous

fibers, modeling work has involved the variational

approach [20] and the combination of series and parallel

models [21].

Both the in-plane [8, 9, 22] and through-thickness [10–

12, 22] directions are relevant to thermal conduction

applications. This work addresses the through-thickness

conductivity. In spite of the prior work [8–12, 22], the

mechanism of conduction has not been adequately

addressed. In particular, the role of the interlaminar inter-

face and that of the fiber–fiber contacts within a lamina

have not been addressed.

Prior work [23] has addressed the through-thickness

thermal conductivity of continuous carbon fiber polymer–

matrix composites and reported that the through-thickness

thermal resistance is dominated by the laminae rather than

the interlaminar interfaces in the laminate. Furthermore, it

was reported that the through-thickness thermal conduc-

tivity is increased by up to 60 % by raising the curing

pressure from 0.1 to 2.0 MPa and up to 33 % by incor-

poration of a filler (B1.5 vol%) at the interlaminar inter-

face [23]. Due to the high thermal conductivity of carbon

fibers compared to glass fibers, these results on carbon fiber

composites point to the need to extend the work to glass

fiber composites.

Since fillers that are electrically and thermally conduc-

tive are much more common than those that are electrically

insulating but thermally conductive, the choice of fillers is

wider for carbon fiber composites (which are electrically

conductive anyway) than glass fiber composites (which are

to remain electrically insulating, as required for printed

circuit boards, etc.). Thus, in contrast to prior work that

uses electrically conductive fillers [8–10, 23], this work

uses an electrically non-conductive filler.

The scientific objectives of this work are (i) to increase

the through-thickness thermal conductivity of glass fiber

composites without affecting the electrical insulation

ability, and (ii) to clarify the mechanism of through-

thickness thermal conduction in glass fiber composites. In

contrast to prior work [8–10, 23], which uses electrically

conductive fillers, an electrically insulating filler is used in

this work.

BN is known for its combination of high thermal con-

ductivity and electrical non-conductivity. Hexagonal BN is

isoelectronic to graphite and is the most stable and softest

among BN polymorphs. It is commonly in particulate or

flake form. The BN nanotube (BNNT) is similar in struc-

ture to the CNT. Compared to the particulate form of BN,

BNNT is attractive for its large aspect ratio, which helps

the attainment of connectivity in thermal conduction.

The BNNTs have received considerable recent attention

due to their combination of electrical non-conductivity,

high thermal conductivity, low dielectric constant, and high

modulus of elasticity [24–26]. At room temperature, the

thermal conductivity of a multi-walled BNNT can be
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comparable to that of a multi-walled CNT and may exceed

it if it is made isotopically pure [26]. BNNT and CNT are

structural analogs. The main difference between BNNTs

and CNTs is that BNNTs are electrically nonconductive,

whereas CNTs are electrically conductive. The combina-

tion of low electrical conductivity and high thermal con-

ductivity is not common among materials; diamond is the

primary example of a material that exhibits this combina-

tion of properties. This combination of properties is valu-

able for heat dissipation from microelectronic packages,

which commonly suffer from overheating.

Another attractive property of BNNTs is a relatively low

value of the relative dielectric constant (the real part); a

value of 5.90 has been predicted by calculation [24]. The

combination of high thermal conductivity and a low value

of the relative dielectric constant is not common among

electrically nonconductive materials. Polymers tend to

have low values of the relative dielectric constant, but

relatively low values of the thermal conductivity; ceramics

tend to have higher thermal conductivity, but also higher

values of the relative dielectric constant. Applications

of electrical insulators in electronic packaging include

encapsulations, interlayer dielectrics, printed circuit

boards, and electric cable jackets. With heat dissipation and

a high signal propagation speed being critically important

for enhancing the reliability, power, performance and fur-

ther miniaturization of microelectronics, materials with

high thermal conductivity, low dielectric constant, and low

electrical conductivity are much needed.

Experimental methods

Materials

Glass fiber epoxy–matrix composite specimens are fabri-

cated by hand lay-up and compression molding of a stack

of prepreg sheets. The molding is performed at 120 �C
(250 �F) for 120 min, as recommended by the prepreg

manufacturers; the molding (curing) pressure ranges from

0.69 to 4.0 MPa. Two types of prepreg are used, namely a

biaxially woven (eight harness satin weave) prepreg and a

nonwoven unidirectional prepreg (25 fibers stacked). The

pressure of 0.69 MPa is at the high ends of the pressure

ranges recommended by the manufacturers of both the

nonwoven and woven prepregs. The nonwoven prepreg is

used to make unidirectional and crossply composites. Basic

information on the two types of prepreg is shown in

Table 1; that on the corresponding two types of glass fiber

is shown in Table 2. The thermal conductivity values of

glass and epoxy are 1.3 and 0.19 W/(m K), respectively,

for the woven prepreg and are 1.45 and 0.22 W/(m K),

respectively, for the aligned fiber prepreg.

For a modified form of the composite, the prepreg is

treated with a solvent (either ethanol or toluene) prior to its

use. In the treatment, each layer of prepreg is separately

immersed in a bath of ethanol for 3 s. The prepreg sheet is

then removed from the bath and placed on a PTFE-coated

glass-fiber fabric sheet. After this, the vehicle in the sheet is

allowed to evaporate in air at room temperature for 24 h.

Once the prepreg sheets have dried separately, they are

stacked to reach the number of laminae desired. This

modification of the composite is aimed at reducing the

amount of excess resin on the prepreg surface, thereby

decreasing the matrix volume fraction.

The BNNT material is provided by BNNT, LLC

(Newport News, VA). The tubes are synthesized using the

high temperature/high pressure (HTP) method, also called

the pressurized vapor/condenser (PVC) method. This

method produces highly flexible, high aspect ratio BNNTs

with high crystallinity. According to the manufacturer, the

number of walls in a nanotube typically ranges from 1 to 5,

with 2 and 3 being the most common. The tube length is up

to 200 lm. The specific surface area is up to 300 m2/g.

There are up to 5 BNNTs across each BNNT bundle. The

purity is up to 40–50 wt%. The impurities are in the form

of hexagonal BN flakes and elemental boron microdroplets.

The as-grown material has a cotton-like appearance, with

an unusually low tap density of about 0.25 mg/cm3. The

true density is taken to be 2.38 g/cm3, which is the theo-

retical value for single-walled BNNT [27]. The energy

band gap is 5.7 eV, according to the manufacturer. A

scanning electron microscope (SEM) image of the BNNTs

is shown in Fig. 1. In spite of the particulate impurities, the

structure is vastly dominated by the nanotubes.

The incorporation of BNNTs in a composite is con-

ducted by immersing the prepreg in a bath of a dispersion

of BNNTs (0.021 wt%) in toluene for 3 s. Ethanol does not

disperse BNNTs as well as toluene. The immersion causes

the deposition of BNNTs on the prepreg surface, in addi-

tion to slight removal of the excess resin on the prepreg

surface. The prepreg sheet is then removed from the bath

and placed on a polytetrafluoroethylene-coated glass-fiber

fabric sheet. After this, the vehicle in the sheet is allowed

to evaporate in air at room temperature for 24 h. The

process of BNNT incorporation includes toluene treatment,

due to the use of toluene to disperse the BNNTs.

Density measurement

The density of a composite is measured using specimens of

size 25.4 9 25.4 mm and thickness ranging from 0.38 to

1.35 mm, depending on the number of laminae. Six spec-

imens of each type are measured. The density is used to

calculate the fiber volume fraction based on the Rule of

Mixtures. According to the prepreg manufacturers, the
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densities of the glass fibers and matrix (cured) in the

nonwoven aligned fiber prepregs are 2.46 and 1.17 g/cm3,

respectively, whereas those in the woven fiber prepreg are

2.58 and 1.20 g/cm3, respectively.

Thermal conductivity measurement

Composites with 2, 3, and 4 laminae (either nonwoven

unidirectional or woven) and 3, 5, and 7 laminae (non-

woven crossply) are tested. More laminae are used for the

crossply composite because of the need to maintain sym-

metry in the lay-up configuration in order to avoid speci-

men warpage. The 3-lamina crossply composite has lay-up

configuration [0/90/0], for example.

The measurement is performed by using the Guarded Hot

Plate Method, with the specimen sandwiched by two copper

blocks, each with a square cross section of dimensions

25.4 9 25.4 mm. Each composite is tested at three different

thicknesses. Testing at multiple thicknesses allows the

thermal resistance of the specimen–copper interface to be

decoupled from that of the specimen. This is a steady-state

method of heat flux measurement (ASTM Method D5470).

Thermal grease is present between the specimen and the

copper surfaces in order to improve the thermal contact. The

method is as described in prior work [23].

At equilibrium, the temperature of the hot block is

100 �C, that of the cold block is 12–25 �C, while that of the
specimen top surface is 64–89 �C and the specimen bottom

surface is 23–45 �C. Thus, the average temperature of a

specimen is about 55 �C. The pressure perpendicular to the

plane of the laminate is controlled by using a hydraulic

press at a pressure of 0.46 MPa.

Specimens of three different thicknesses are tested for

each composition. For each combination of composition

and thickness, two specimens are tested. The testing of

three thicknesses enables the decoupling of the volumetric

and interfacial contributions to the thermal resistance; in

this context, the interface refers to that between the spec-

imen and a thermal contact.

Flexural testing

Mechanical testing is performed on 11-lamina composite

specimens under three-point bending up to failure, using a

Table 1 Basic information on

the two types of prepreg

according to the prepreg

manufacturers

Nonwoven prepreg Woven prepreg

Manufacturer Tencate Park Electrochemical Corporation

Fiber type S2 FG 200-284GSM 7781 E-Glass

Epoxy type BT250E-1 resin E761

Areal weight (g/cm2) 0.0428a 0.0303

Resin content (wt%) 33 39

Thickness (mm) 0.24a 0.22

Glass transition temperature Tg 125 �C 115 �C
Resin density (g/cm3) 1.17 1.20

Thermal conductivity (W/(m K)) 0.22 0.19

a Measured in this work

Table 2 Basic properties of the glass fibers in the prepregs according

to the fiber manufacturers

Fiber type S2-Glassa E-Glassb

Diameter (lm) 9 7

Density (g/cm3) 2.46 2.58

Thermal conductivity (W/(m K)) 1.45 1.3

Softening point (�C) 1056 846

Annealing point (�C) 816 657

Strain point (�C) 766 615

Tensile strength (GPa) 4.89 3.45

Young’s modulus (GPa) 86.9 80.3

Elongation at break (%) 5.7 4.8

Volume electrical resistivity (X cm) 9.05 9 1012 4.02 9 1014

Specific heat (J/(g K)) 0.74 0.81

a Used in the nonwoven aligned fiber prepreg
b Used in the woven fiber prepreg

250 nm

Fig. 1 SEM photograph of a BNNT compact obtained at a pressure

of 0.47 MPa
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hydraulic mechanical testing system (MTS Systems Corp.,

Eden Prairie, MN). The specimen size is 80 9 11 9

2.0 mm. The span is 58 mm. The flexural strength is the

highest stress prior to failure (not necessarily the first

abrupt decrease in stress in the stress–strain curve). The

flexural modulus is obtained from the slope of the straight-

line portion of the curve of flexural stress versus flexural

strain. This portion constitutes most of each curve. The

flexural ductility is the strain at failure, which is the last

abrupt drop in stress in the stress–strain curve. Only one

abrupt drop in stress occurs en route to failure. Five

specimens of each composition are tested.

Results and discussion

Composite structure

A composite consists mainly of the fibers and matrix. In

case of BNNT incorporation, it contains a small proportion

of filler (BNNTs) as well.

For composites with negligible air void contents, the

composite density q is given by

q ¼ vfqf þ vmqm; ð1Þ
vf þ vm ¼ 1; ð2Þ

where vf and vm are the volume fractions of fibers and

matrix, respectively, and qf and qm are the densities of

fibers and matrix respectively. Using Eq. (1) and (2), vf and

vm are obtained.

Analysis of cross-sectional optical microscope pho-

tographs (Fig. 2) gives the volume fraction of air voids in

each composite. Figure 3 shows that the air voids are

located at interlaminar interfaces. The air voids are

essentially absent in the untreated and ethanol-treated

composites, but are present in the toluene-treated com-

posite and the composite with BNNT incorporation

(Table 3). The air voids are attributed to the incomplete

evaporation of the toluene (boiling point = 110.6 �C)
during composite fabrication. In contrast, the evaporation

of ethanol (boiling point = 78.37 �C) is relatively

complete.

For composites with air void contents that are not neg-

ligible, Eq. (1) applies, with

vf þ vm þ va ¼ 1; ð3Þ

where va is volume fraction of air voids, as determined by

optical microscopy of the edge surface of each composite.

Using Eq. (1) and (3), vf and vm are obtained.

The volume fractions of the composite constituents

(fibers, matrix, filler, and air, as applicable) are shown in

Table 3. The fiber volume fraction is increased, and the

matrix volume fraction is decreased by the curing pressure

increase for any of the composites studied. Solvent treat-

ment tends to increase the fiber volume fraction and

decrease the matrix volume fraction, such that the effect is

clearer for the woven composites than the nonwoven

composites. Solvent treatment using ethanol is less effec-

tive than that using toluene in increasing the fiber volume

fraction and decreasing the matrix volume fraction. The

BNNT (filler) volume fraction is low (0.01). Relative to the

composite without BNNT but with toluene treatment, the

BNNT (filler) incorporation has essentially no effect on the

constituent volume fractions. The air void volume fraction

is slightly larger for the composite with BNNT incorpo-

ration than the composite without BNNT but with toluene

treatment. This suggests that the epoxy resin does not

penetrate fully the space between adjacent BNNTs in the

composite.

Decoupled volumetric and interfacial contributions

to the thermal resistivity

The thermal resistivity (with unit m2 K/W) is area-inde-

pendent, whereas the thermal resistance (with unit K/W) is

area-dependent. If there are N laminae, there are N-1

interlaminar interfaces and the thermal resistivity R of the

composite is given by

R ¼ NR‘ þ ðN � 1ÞRi; ð4Þ

where R‘ and Ri are the thermal resistivity of a lamina and

an interlaminar interface, respectively. Their values may be

determined by measuring R for different values of N.

Figure 4 shows the plot of the thermal resistivity versus

thickness for the unmodified unidirectional composite

fabricated at 0.69 MPa. That the plot is a straight line

means that R = NR‘ and Rf is essentially 0. The slope of

this line is the inverse of the thermal conductivity. The

intercept with the vertical axis at zero thickness is the

thermal resistivity of the two specimen–copper interfaces

together. In Fig. 4, the resistivity of the two interfaces

together is 0.0001 m2 K/W and the measured resistivity is

0.0005 m2 K/W for the smallest of the three thicknesses.

This means that the specimen resistivity for this thickness

is 0.0005 - 0.0001 = 0.0004 m2 K/W. Hence, in spite of

the presence of a thermal paste at the interface, the inter-

facial resistivity is substantial. Through plots like Fig. 4,

the interfacial and specimen contributions to the measured

resistivity are decoupled. Prior work [5, 8–11] did not

decouple, except for Ref. [23]. Without the decoupling, the

measured resistivity would be assumed to be the specimen

resistivity, which is thus overestimated, thus resulting in

underestimation of the specimen conductivity.

The lamina resistivity R‘ is obtained by dividing the

specimen resistivity (with the specimen-copper resistivity
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excluded) by N. The finding that Ri is essentially 0 applies

to all the composites and is consistent with prior work on

carbon fiber composites [23]. Thus, the curing pressure and

composite modification essentially do not affect Ri, which

remains negligible, but they affect R‘.

Thermal conductivity of composites

Since the thermal conductivity of the glass fibers is con-

siderably higher than that of epoxy, a higher fiber volume

fraction is expected to give a higher thermal conductivity.

Table 3 shows that the nonwoven composites (both uni-

directional and crossply composites) exhibit higher thermal

conductivity than the corresponding woven composite.

This is particularly clear for the usual condition corre-

sponding to the ordinary curing pressure of 0.69 MPa and

the absence of prepreg treatment. It is mostly due to the

higher fiber volume fraction of the nonwoven composites

compared to the woven composite. The higher thermal

conductivity of the S2 glass fiber (1.45 W/(m K), Table 2)

in the nonwoven composites compared to that of the

E-glass fiber in the woven composite (1.3 W/(m K),

Table 2) is a minor cause, as shown by a simple calcula-

tion. This result suggests that, for applications that need a

relatively high thermal conductivity, nonwoven composites

are preferred to woven composites.

Table 3 shows that the solvent treatment of the prepreg

enhances the thermal conductivity, density, and fiber vol-

ume fraction, whether the composite is unidirectional,

crossply, or woven, and whether the solvent is ethanol or

toluene. The effects of ethanol and toluene on the thermal

conductivity are essentially the same. The prepreg treat-

ment involves the removal of excess resin on the surface of

the prepreg, so it is a treatment that is directed at the

matrix. As a result, the matrix volume fraction is decreased

P 

P 
400 m 

P 

P 

400 m 

P 

P 

400 m 

(a)

(b) (c)

Fig. 2 Low-magnification cross-sectional optical microscope pho-

tographs of the mechanically polished edge of four-lamina woven

glass fiber epoxy–matrix composites. Each lamina includes 0� fibers
(in the plane of the photographs) and 90� fibers (perpendicular to the

plane of the photographs). Small black regions at the interlaminar

interfaces are air voids. Regions labeled P are the phenolic packing

material. a Untreated composite. b Toluene-treated composite.

c Toluene-treated composite with BNNT incorporation
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and the fiber volume fraction is increased by the solvent

treatment.

Table 3 also shows that an increase in curing pressure

enhances the thermal conductivity. The extent of resin

squeeze-out during curing is greater when the curing

pressure is higher. A greater extent of resin squeeze-out

results in a greater increase in the extent of fiber–fiber

contact in the through-thickness direction, and hence a

higher through-thickness thermal conductivity.

At the highest curing pressure of 4.0 MPa, the woven

unmodified composite with fiber volume fraction 0.63

exhibits through-thickness thermal conductivity 1.1 W/

(m K) (Table 3). This value is below but quite close to the

value of 1.3 W/(m K) for the individual fiber along its axis

(Table 2). For the nonwoven unidirectional composite with

fiber volume fraction 0.60 and fabricated at a curing

pressure of 2.0 MPa, the through-thickness thermal

conductivity is 1.1 W/(m K) (Table 3), which is below but

not far below the value of 1.45 W/(m K) for the corre-

sponding individual fiber (Table 2). This means that the

through-thickness thermal conductivity of the composites

is comparable to (though smaller than) the axial thermal

conductivity of the individual fiber. This supports the

notion that the fiber–fiber contacts in the through-thickness

direction provide an effective thermal conduction path.

The fractional increase in conductivity due to either

prepreg treatment or curing pressure increase is higher for

the woven composites (ranging from 44 to 76 %) than the

nonwoven composites (ranging from 23 to 27 %). This is

because the matrix volume fraction is higher for the woven

composite (0.45) than the nonwoven composites (ranging

from 0.40 to 0.42), all made at 0.69 MPa without prepreg

treatment. A higher matrix volume fraction causes the

prepreg treatment and the curing pressure increase to have

90° 

0° 

0° 

E 

IL

IT

IL

40 m 

0° 

90° 

0° 

IL
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E 
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A 
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0° 
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E 
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0° 
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A 
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(a) (b)

(c) (d)

Fig. 3 High-magnification cross-sectional optical microscope pho-

tographs of the mechanically polished edge of four-lamina woven

glass fiber epoxy–matrix composites. Each photograph shows an

interlaminar interface (labeled IL) and parts of the two associated

laminae. The interlaminar interface is relatively rich in the epoxy

matrix, which is labeled E. Air void regions at the interlaminar

interface are labeled A. The inter-tow interface present in a woven

lamina is labeled IT. a Untreated composite. b Toluene-treated

composite. c Toluene-treated composite with BNNT incorporation for

a region without air voids. d Toluene-treated composite with BNNT

incorporation for a region with air voids
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more influence, because both prepreg treatment and curing

pressure increase result in resin removal. The prepreg

treatment is more effective than increasing the curing

pressure to 2.0 MPa, but is less effective than increasing

the curing pressure to 4.0 MPa.

The BNNT incorporation (along with toluene treatment)

further increases the thermal conductivity beyond the level

provided by toluene treatment alone. The fractional

increase due to BNNT incorporation, relative to the

toluene-treated composite without BNNT, is 30 %.

The conductivity of the composite with filler (along with

solvent treatment) is higher than that of the composite

without filler but with solvent-treated prepreg. Moreover, it

is higher than the values obtained without filler and with

untreated prepreg, but at higher curing pressures of 2.0 and

4.0 MPa. Thus, the filler addition (along with solvent treat-

ment) is more effective for increasing the conductivity than

curing pressure increase or solvent treatment of the prepreg.

Thermal conductivity modeling

Modeling the overall composite

The thermal conductivity is calculated from the component

volume fractions and the component thermal conductivity

values, based on the Rule of Mixtures. This rule differs

between the parallel and series thermal configuration of the

components [28]. For the parallel configuration, the ther-

mal conductivity kP of the composite without filler and

without air void is given by

kP ¼ vfkf þ vmkm; ð5Þ

where kf and km are the thermal conductivities of the fibers

and matrix, respectively, and vf and vm are the corre-

sponding volume fractions. For the series configuration, kS
of the composite is given by

1

kS
¼ vf

kf
þ vm

km
: ð6Þ

For composites with air voids but without filler, the

thermal conductivity can be similarly calculated. Using the

parallel model,

kP ¼ vfkf þ vmkm þ vaka; ð7Þ

where ka is thermal conductivity of air (0.024 W/(m K)

[29]). Using the series model,

1

kS
¼ vf

kf
þ vm

km
þ va

ka
: ð8Þ

For the composite with both filler and air voids, the

thermal conductivity can be similarly calculated. Using the

parallel model,

kP ¼ vfkf þ vmkm þ vaka þ vbkb; ð9Þ

where kb is the thermal conductivity of the filler (BNNT,

18 W/m K [30]). Using the series model,

1

kS
¼ vf

kf
þ vm

km
þ va

ka
þ vb

kb
: ð10Þ

In addition to the purely series model [Eqs. (6), (8), and

(10) and the purely parallel model (Eqs. (5), (7), and (9)],

this work also uses models with both series and parallel

units. Figure 5a shows a model with series and parallel

units in series, whereas Fig. 5b) shows a model with series

and parallel units in parallel. For each of Fig. 5a, b, the

series and parallel units are given various fractional values

of the weighting factor, which is b (B1) for the parallel unit

and 1 - b for the series unit. For the case of Fig. 5(a), the

thermal conductivity k is given by

1

k
¼ b

kP
þ 1� b

kS
ð11Þ

For the case of Fig. 5b, the thermal conductivity k is given

by

k ¼ bkP þ 1� bð ÞkS ð12Þ

Table 4 shows a comparison of the measured and cal-

culated thermal conductivity values for the various woven
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Fig. 4 Plot of thermal resistivity versus thickness. Three thicknesses

corresponding to laminates with 2, 3, and 4 laminae are shown for

each type of composite. The curing pressure is 0.69 MPa. a Woven

composite, in the absence of prepreg treatment. b Woven composite

with BNNT/toluene treatment of the prepreg
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fiber composites. The calculated values are based on 12

models, which all involve the Rule of Mixtures for the

components (fiber, matrix, BNNT, and air voids, as

applicable) in the composite. These models include (i) the

purely parallel model, (ii) the purely series model, (iii) 5

models involving Fig. 5a, with various weighting factors

for the parallel and series units shown in Fig. 5a, and (iv) 5

models involving Fig. 5b, with various weighting factors

for the parallel and series units shown in Fig. 5b. The

model that gives the closest fit between the corresponding

measured and calculated conductivity values has the cal-

culated value indicated in italics in Table 4. The purely

series model is worst, with the calculated values being very

low from the corresponding measured values. The purely

parallel model is the best for most cases, with the calcu-

lated values being close to the corresponding measured

values. Among the models involving both parallel and

series units, whether these units are in series or in parallel,

the greater is the weighting factor for the parallel unit, the

better is the model. The purely parallel model is the most

F 

M 

B 

A 

F M B A 

F

M

B

A

F M B A

(a) (b)

Fig. 5 a The model with

parallel and series units in

series. b The model with

parallel and series units in

parallel. Each of these two

models involves F, M, B, and A,

which represent glass fibers,

matrix, BNNT, and air voids,

respectively

Table 4 Comparison of the measured thermal conductivity with the calculated thermal conductivity based on various models

Curing pressure (MPa) 0.69 0.69a 0.69b 0.69c 2.0 4.0

Filler – – – BNNT – –

Measured thermal conductivity (W/(m K)) 0.640 ± 0.041 0.926 ± 0.059 0.922 ± 0.052 1.20 ± 0.02 0.916 ± 0.012 1.12 ± 0.08

Calculated thermal conductivity (W/(m K))

Purely parallel configuration 0.80 ± 0.01 0.86 ± 0.02 0.91 ± 0.00 1.1 ± 0.1 0.85 ± 0.01 0.89 ± 0.01

Purely series configuration 0.36 ± 0.01 0.39 ± 0.01 0.26 ± 0.00 0.26 ± 0.00 0.39 ± 0.01 0.41 ± 0.01

Ratio of the weighting factors of the parallel and series units in the equivalent circuit with the parallel and series units in series

0.5:0.5 0.50 ± 0.01 0.54 ± 0.01 0.40 ± 0.00 0.42 ± 0.00 0.53 ± 0.01 0.57 ± 0.01

0.6:0.4 0.54 ± 0.01 0.58 ± 0.01 0.45 ± 0.00 0.48 ± 0.01 0.58 ± 0.01 0.61 ± 0.01

0.7:0.3 0.59 ± 0.01 0.63 ± 0.01 0.52 ± 0.00 0.56 ± 0.01 0.63 ± 0.01 0.66 ± 0.01

0.8:0.2 0.64 ± 0.01 0.70 ± 0.01 0.61 ± 0.00 0.67 ± 0.02 0.69 ± 0.01 0.73 ± 0.01

0.9:0.1 0.72 ± 0.01 0.77 ± 0.02 0.73 ± 0.00 0.85 ± 0.03 0.76 ± 0.01 0.80 ± 0.01

Ratio of the weighting factors of the parallel and series units in the equivalent circuit with the parallel and series units in parallel

0.5:05 0.58 ± 0.01 0.63 ± 0.01 0.58 ± 0.00 0.70 ± 0.03 0.62 ± 0.01 0.65 ± 0.01

0.6:0.4 0.63 ± 0.01 0.67 ± 0.01 0.65 ± 0.00 0.79 ± 0.04 0.67 ± 0.01 0.70 ± 0.01

0.7:0.3 0.67 ± 0.01 0.72 ± 0.01 0.72 ± 0.00 0.88 ± 0.05 0.71 ± 0.01 0.75 ± 0.01

0.8:0.2 0.72 ± 0.01 0.77 ± 0.02 0.78 ± 0.00 0.97 ± 0.05 0.76 ± 0.01 0.80 ± 0.01

0.9:0.1 0.76 ± 0.01 0.81 ± 0.02 0.85 ± 0.00 1.1 ± 0.1 0.81 ± 0.01 0.85 ± 0.01

The composites involve woven glass fibers. The calculated thermal conductivity values based on 12 models are shown. These models are the

purely parallel configuration, the purely series configuration, 5 models with the parallel and series units in series (Fig. 5a), and 5 units with the

parallel and series units in parallel (Fig. 5b). Calculated values that are closest to the corresponding measured values are shown in italics
a With prepreg treated with ethanol for 3 s
b With prepreg treated with toluene for 3 s
c With prepreg treated with 0.021 wt% of BNNT/toluene solution for 3 s
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effective for all cases, except that the model involving

Fig. 5a and the weighting factors for the parallel and series

units at the ratio 0.8:0.2 gives the best fit for the unmodified

composite prepared at a curing pressure of 0.69 MPa. In

particular, for the composite with BNNT, the model

involving Fig. 5b and the highest parallel to series unit

ratio of 0.9:0.1 gives as good a fit to the corresponding

measured conductivity value as the purely parallel model.

Thus, for all the cases, models involving purely or pri-

marily the parallel configuration give the best fit to the

measured values.

Table 5 shows the contributions of the various compo-

nents to the calculated thermal conductivity, with the cal-

culation based on the Rule of Mixtures with the

components in parallel in the through-thickness direction.

The Rule of Mixtures with the components in series does

not give reasonable results, as expected due to the insu-

lating air being modeled as a film in the plane direction. In

the parallel model, the air is modeled as a column in the

through-thickness direction. This is not realistic, due to the

fact that the air voids are distributed at the interlaminar

interface. In spite of this shortcoming, the parallel model

provides approximate information on the relative contri-

butions by the various components. As shown in Table 5,

the main contributor to the thermal conductivity of the

composite is the fiber. The contribution by the matrix is

much smaller and the contributor by the air is even smaller.

For the composite with the BNNT filler, the contribution by

the filler is much greater than that of the matrix, but it is

smaller than that of the fiber.

Due to the fact that the fibers are oriented in-plane, the

series thermal configuration for the two components would

intuitively be expected to apply. However, it does not

apply. This means that the fiber–fiber contacts in the

through-thickness direction, as enabled by the fact that the

fibers are not perfectly straight, govern the through-thick-

ness thermal conductivity. In other words, the through-

thickness conduction path is through one fiber–fiber contact

after another, thereby making the fibers effectively

(roughly) in the through-thickness direction from the

viewpoint of thermal conduction. This implies that the

fiber–fiber interfacial thermal resistance contributes sig-

nificantly to the thermal resistance of the composite. This

finding is consistent with prior work on carbon fiber

composites, though the prior work did not consider the

parallel and series configurations [23].

The in-plane thermal conductivity of continuous glass

fiber composites may be modeled by using the Rule of

Mixtures with the fibers and matrix in parallel, due to the

continuity of the fibers in the in-plane direction. Since the

equation for the calculation is identical for the in-plane and

through-thickness directions, the calculated in-plane values

are identical to those with the fibers and matrix in parallel

in the through-thickness direction, as shown in Table 3.

This means that the composites are similar in the thermal

conductivity in the through-thickness and in-plane direc-

tions. This essential isotropy is consistent with the previ-

ously reported essential isotropy for aligned short glass

fiber composites [7]. The scientific origin of the essential

isotropy found in this work for continuous glass fiber

composites relates to the high degree of fiber–fiber contact

in the through-thickness direction. This explanation is in

contrast to the prior explanation in terms of the isotropy

within a fiber [7].

The relative contributions of the parallel and series

configurations to the measured thermal conductivity can be

calculated using the equation

Measured conductivity ¼ p calculated conductivityð
for the parallel configurationÞ þ 1� pð Þ
calculated conductivity for the series configurationð Þ;

ð13Þ

where p is the fractional contribution by the parallel con-

figuration. The exact parallel configuration and the exact

series configuration are two extreme states. The actual state

is between them. Conduction involving the parallel con-

figuration requires through-thickness fiber–fiber contacts,

whereas conduction involving the series configuration does

not require these contacts. These contacts are due to the

fiber waviness in the through-thickness direction. A degree

of fiber waviness always exists, regardless of the fiber

layout configuration. In the series configuration for

through-thickness conduction, the conduction path is

through the fibers in the transverse direction of the fibers

and through the matrix between adjacent fibers. In contrast,

in the parallel configuration, the conduction path is through

the fiber–fiber contact points and through the part of the

Table 5 Contribution of air

voids to the calculated thermal

conductivity of the composite

treated with toluene or

BNNT/toluene

Composite Thermal conductivity (W/m K) contribution of each component

Fiber Matrix Filler Air

Toluene treated 0.853 ± 0.003 0.057 ± 0.001 – 0.001 ± 0.000

BNNT/toluene treated 0.853 ± 0.003 0.054 ± 0.001 0.236 ± 0.070 0.001 ± 0.000

The calculation is based on the Rule of Mixtures with the components in parallel. The Rule of Mixtures

with the components in series does not give reasonable results
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fiber between adjacent contact points. Due to the relatively

low thermal conductivity of the matrix, the heat flow path

within the fibers is primarily along the axis of the fibers

rather than in the direction transverse to the fiber axis, as

illustrated in Fig. 6. A larger number of contact points

within the same volume would allow the heat flow path to

undergo less deviation (i.e., less detour) from the through-

thickness direction, thereby decreasing the length of the

heat flow path. The extreme case of exact parallel config-

uration can only be achieved when the number of contact

points is so large that the detour of the heat flow path from

the through-thickness direction is negligible. The extent of

through-thickness fiber–fiber contact mainly relates to the

quantity of fiber–fiber contact points, although it also

relates to the quality (intimacy) of the contact. The relevant

contact points are within the laminae, with essential

exclusion of the fiber–fiber contact across the interlaminar

interfaces, because the thermal resistivity of the interlam-

inar interfaces is negligible compared to that of the laminae

(‘‘Decoupled volumetric and interfacial contributions to the

thermal resistivity’’ section).

The quantification of the extent of fiber–fiber contact by

microscopy is nearly impossible, due to the low degree of

through-thickness fiber waviness and the large number of

contact points that are distributed throughout each lamina.

The degree of fiber waviness is exaggerated in Fig. 6. The

method involving the p index is a practical way of

assessing and quantifying the extent of through-thickness

intralaminar fiber–fiber contact. More complicated equa-

tions based on the variational approach [20] and on com-

binations of parallel and series models [21] have been

found to be less suitable.

The p index increases monotonically with increasing

curing pressure, as observed for the woven composites

(Table 3). This means that the degree of through-thickness

fiber–fiber contact increases with increasing curing pres-

sure, so that the parallel model becomes more dominating

as the curing pressure increases. The p index (Table 3)

exceeds 0.5 for all the composites and exceeds 0.8 for all

but one composite. This means that the parallel configu-

ration dominates over the series configuration. In other

words, the actual situation corresponds to a state between

the exact parallel configuration and the exact series con-

figuration, such that it is closer to the exact parallel extreme

than the exact series extreme. In Fig. 6, the thick line in the

through-thickness direction is the path of the part of the

heat flow that corresponds to the series configuration,

whereas the thin line is the path of the part of the heat flow

that corresponds to the parallel configuration. In the par-

allel configuration, multiple paths akin to the thin line in

Fig. 6 are thermally in parallel. In the actual situation in

which both parallel and series configurations contribute,

the two paths described by the thick and thin lines in Fig. 6

are thermally in parallel, such that the overall direction of

each path is in the through-thickness direction and the path

with the smaller thermal resistance dominates. The rela-

tively high thermal resistance of the path corresponding to

the series configuration is mainly due to the low thermal

conductivity of the matrix, which constitutes a substantial

part of the path. A smaller degree of fiber waviness would

cause the part of the series configuration path through the

matrix to be shorter, thus decreasing the thermal resistance

of the series configuration path. In addition, a smaller

degree of fiber waviness would decrease the number of

fiber–fiber contact points in the same volume of the com-

posite, thus increasing the extent of detour and the thermal

resistance of the parallel configuration path. Hence, a

smaller degree of fiber waviness would enhance the series

configuration contribution and reduce the parallel config-

uration contribution.

The p index exceeds 0.8 for all the composites except

the woven one made at the low curing pressure of

0.69 MPa in the absence of prepreg treatment. This sug-

gests that the weaving makes through-thickness fiber–fiber

contact more difficult, probably because the woven

geometry limits the degree of through-thickness fiber

waviness. The woven configuration causes one fiber bundle

to hold down another fiber bundle in the through-thickness

direction, thereby limiting the local change in fiber orien-

tation toward the through-thickness direction that is

important for achieving through-thickness fiber–fiber con-

tact. Thus, the relatively low thermal conductivity of the

woven composite made at the low curing pressure of

0.69 MPa in the absence of prepreg treatment is not just

due to the relatively low fiber volume fraction, but is also

due to the difficulty for achieving through-thickness fiber–

fiber contact.

Through-thickness 
direction   

Extent of detour   

Fiber   
Matrix   

Fig. 6 Schematic illustration of the heat flow path associated with

through-thickness thermal conduction. The dotted regions are the

matrix. The hatched regions are the fibers. Thin line: the dominant

heat flow path for the parallel configuration. Thick line (through-

thickness direction): the dominant heat flow path for the series

configuration. The degree of fiber waviness is exaggerated in this

drawing
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The prepreg treatment increases the p index, whether the

composite is unidirectional, crossply, or woven. This is

because the prepreg treatment removes the excess resin on

the prepreg surface, thereby enhancing the through-thick-

ness fiber–fiber contact at least in the surface region of each

lamina.

The BNNT incorporation increases the p index, relative

to the composite without BNNT but with toluene treatment.

This is probably because the BNNT incorporation enhances

the fiber waviness, as suggested by the higher air void

content when the BNNTs are present.

The fact that some of the values of the p index exceed 1

is due to the limited accuracy of the calculated thermal

conductivity—partly a consequence of the likely inaccu-

racy in the value of the thermal conductivity of the glass

fiber. For example, in the case of the p index of 1.1 (woven,

2.0 MPa) (Table 3), this value would be reduced to 1.00 if

the conductivity of the glass fiber is increased by 7.7 %.

Another source of the inaccuracy probably relates to the

value of the conductivity of the matrix.

For the same fabrication condition shown in Table 3, the

p index is similar for the unidirectional, crossply, and

woven composites, except for the woven composite made

at the low curing pressure of 0.69 MPa in the absence of

the prepreg treatment. In other words, the prepreg treat-

ment and the increase in curing pressure from 0.69 to

2.0 MPa are more influential to the p index for the woven

composite than the nonwoven composites. This is due to

the relatively high matrix volume fraction in the woven

composite made at the low curing pressure of 0.69 MPa in

the absence of prepreg treatment.

The similarity in thermal conductivity and p index for

the unidirectional and crossply composites made under the

same condition is consistent with the fact that the thermal

resistivity of the interlaminar interfaces is negligible

(‘‘Decoupled volumetric and interfacial contributions to the

thermal resistivity’’ section), so that the thermal resistivity

is dominated by that of the laminae. Whether the composite

is unidirectional or crossply, the fibers are aligned within

each lamina.

For the same fiber configuration (among the three con-

figurations in Table 3), the p index is higher for the com-

posite made at the lowest curing pressure of 0.69 MPa in

the presence of prepreg treatment than that made at the

higher curing pressure of 2.0 MPa in the absence of pre-

preg treatment. This is because the curing pressure increase

enhances the in-plane fiber alignment within each lamina,

whereas the prepreg treatment does not. Greater alignment

causes less chance for through-thickness fiber–fiber contact

and hence a lower value of p. However, by further

increasing the curing pressure to 4.0 MPa, the p index

is higher than those of all other conditions. This result for

the curing pressure of 4.0 MPa is attributed to the

enhancement of the quality of each fiber–fiber contact. This

enhancement causes the p index to increase, in spite of the

possible decrease in the number of contacts.

For any of the three fiber configurations, increase in the

curing pressure (without prepreg treatment) causes the

p index to increase. This observation is consistent with the

fact that, in case of continuous nonwoven carbon fiber

epoxy–matrix composites, the intralaminar fiber–fiber

interfacial thermal resistivity (i.e., the resistivity of all the

fiber–fiber interfaces in a lamina) in the through-thickness

direction decreases as the curing pressure increases [23].

The intralaminar fiber–fiber interfacial resistivity can be

used as an indicator of the extent of through-thickness

fiber–fiber contact. However, it is not as convenient as the

p index, which is dimensionless, in serving as an indicator.

Modeling a lamina

The thermal resistivity R‘ of a lamina is given by

R‘ ¼ Rf þ Ra; ð14Þ

where Rf is the thermal resistivity of all of the fibers

stacked along the thickness of the lamina, and Ra is the

thermal resistivity of all of the fiber–fiber contacts along

the thickness of the lamina [23]. The thermal resistivity Rf

is given by

Rf ¼
Md

kf
; ð15Þ

where d is the fiber diameter (7 lm), M (28 on the average,

based on cross-sectional optical microscopy, with the

averaging necessitated by the woven configuration) is the

number of stacked fibers in a lamina, and kf (1.3 W/(m K))

is the transverse conductivity of a fiber. Using Eq. (13),

Rf = 1.93 9 10-4 m2/(K.W).

The R‘ is obtained from Eq. (4) and an experimentally

obtained curve (Fig. 4). Hence, using Eq. (12), Ra is

obtained. The R‘ is much greater than Ra (Table 6), indi-

cating that R‘ is dominated by Rf.

Table 6 shows that both R‘ and Ra are decreased by the

composite modification (whether using toluene, ethanol, or

BNNTs) and by curing pressure increase, but the fractional

decrease is more significant for Ra than R‘. This means that

both the composite modification and the curing pressure

increase enhance the degree of through-thickness fiber–

fiber contact. The higher is the curing pressure, the more is

the decrease in both R‘ and Ra. Ethanol and toluene have

similar effects, but the combined use of BNNTs and

toluene gives more significant effects on both R‘ and Ra.

The effects of the combined use of BNNTs and toluene are

even more significant than the effects of increasing the

curing pressure to 4.0 MPa. The lowest value of Ra is

provided by the combined use of BNNTs and toluene.
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Figure 7 shows a high value of p (Table 3) correlates

with a low value of Ra (Table 6). This correlation supports

the validity of both models (‘‘Modeling the overall com-

posite’’ and ‘‘Modeling a lamina’’ sections) and reinforces

the notion that the mechanism of thermal conduction

involves fiber–fiber contacts in the through-thickness

direction.

Flexural testing

Table 7 shows that the flexural modulus is slightly

decreased by the composite modification by either toluene

treatment or the combination of toluene treatment and

BNNT incorporation, while the strength is decreased by up

to 14 %. In spite of the higher porosity in the composite

treated with the combination of toluene treatment and

BNNT incorporation compared to the composite with

toluene treatment alone (Table 3), the strength is higher for

the former. This is attributed to the strengthening effect of

the BNNTs in the former. On the other hand, the ductility is

increased by the modification, such that the ductility is

highest for the composite modified by toluene treatment.

Figure 8 shows the representative flexural stress–strain

curves of the three composite types of Table 7. The

unmodified composite has no tail in the stress–strain curve,

whereas the two modified composites have jagged tails.

Each tail is due to a series of delamination events, as

visually observed during testing. The tail is slightly larger

(with the larger area under the curve) for the toluene-

treated composite than the composite with both toluene

treatment and BNNT incorporation. Hence, high ductility

correlates with high toughness. High ductility also corre-

lates with low strength (Table 7). Both low strength and

high ductility are attributed to the greater ease of

delamination.

Comparison of glass fiber composites and carbon

fiber composites

This work addresses glass fiber composites. The method-

ology is the same as that of prior work [23] concerning

carbon fiber composites. This work and Ref. [23] use the

same method of thermal conductivity measurement,

including the same method of decoupling the interfacial

thermal resistivity and the specimen thermal resistivity.

Thus, comparison of the results on the two types of com-

posites is appropriate.

For continuous nonwoven carbon fiber epoxy–matrix

composites without prepreg treatment, Ref. [23] reported

through-thickness thermal conductivity 1.09 W/(m K) for

a curing pressure of 2.0 MPa. The value obtained by Ref.

[23] is comparable to the value of 1.07 or 1.03 W/(m K)

obtained in this work for nonwoven glass fiber composites

at the same curing pressure, even though carbon fiber is

much more thermally conductive than glass fiber. This

similarity in thermal conductivity supports the importance

of fiber–fiber contacts in affecting the conductivity. It

further means that work aimed at achieving high through-

thickness thermal conductivity in continuous fiber

Table 6 The thermal resistivity of a lamina and the contribution of the fiber–fiber interfaces in the lamina to the thermal resistivity of a lamina in

a woven glass fiber composite

Composite

treatment

Curing pressure

(MPa)

Thermal resistivity (10-4 m2.K/W) Fractional change in

thermal resistivity due

to curing pressure

increase (%)

Fractional change in

thermal resistivity due

to composite

modification (%)

Lamina

resistivity R‘

Intralaminar fiber–fiber interfacial

resistivity Ra

R‘ Ra R‘ Ra

Unmodified 0.69 2.81 ± 0.32 1.31 ± 0.32 – – – –

Ethanol 2.02 ± 0.21 0.511 ± 0.212 – – -28 ± 16 -61 ± 27

Toluene 1.93 ± 0.23 0.426 ± 0.233 – – -31 ± 16 -67 ± 27

BNNT/toluene 1.53 ± 0.00 0.0258 ± 0.0013 – – -46 ± 6 -98 ± 1

Unmodified 2.0 1.97 ± 0.04 0.460 ± 0.043 -30 ± 9 -65 ± 13 – –

Unmodified 4.0 1.61 ± 0.20 0.0971 ± 0.202 -43 ± 14 -93 ± 18 – –

Unmodified
(0.69 MPa)

Ethanol 

Toluene

BNNT

Unmodified
(2.0MPa) Unmodified 

(4.0MPa)

0.0

5.0

10.0

15.0

0.5 0.7 0.9 1.1 1.3 1.5 1.7

R a
(1

0-5
 m

2 K
/W

)

p

Fig. 7 Correlation of Ra (Table 6) and p (Table 3)
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polymer–matrix composites should focus on the fiber–fiber

contacts rather than the choice of fibers. The number of

fiber–fiber contacts increases with increasing degree of

fiber waviness, as illustrated in Fig. 6. Fiber waviness is

disadvantageous for the mechanical properties of the

composites, though this disadvantage is not a significant

concern in case of nonstructural applications such as

printed wiring boards.

The R‘ values in Table 6 for glass fiber composites are

higher than those of carbon fiber epoxy–matrix composites

of prior work [23], as expected, due to the higher thermal

conductivity of carbon fibers compared to glass fibers.

However, the Ra values are comparable for glass fiber

composites and carbon fiber composites.

The fractional decrease in R‘ due to composite modifi-

cation is comparable for the glass fiber composites of this

work and the carbon fiber composites of prior work [23],

but the fractional decrease in Ra is greater for the glass fiber

composites than the carbon fiber composites. As a result,

the fractional increase in the thermal conductivity due to

the composite modification is higher for the glass fiber

composites of this work than the carbon fiber composites of

prior work [23].

Since the thermal conductivity of carbon fiber is

higher than that of glass fiber, the role of fiber–fiber

contacts is expected to be even more dominant in case of

carbon fiber composites. Calculation using the series and

parallel models of this paper shows that, for the carbon

fiber composites [23], the measured thermal conductivity

obeys the series model much more closely than the

parallel model. In the absence of fillers, the p index is

only 0.063 and 0.125 for curing pressures of 0.1 and

2.0 MPa, respectively, as calculated in this work using

the results of Ref. [23]. As in the case of the glass fiber

composites of this work, the p index of the carbon fiber

composites increases with increasing curing pressure.

This is attributed to the high thermal conductivity (7 W/

(m K)) of the carbon fibers compared to the glass fibers

and the consequent greater dominant contribution of the

fiber–fiber contacts to the thermal resistance. This dom-

inance causes the series configuration to provide a lower

resistance path than the parallel configuration. Thus, the

mechanism of through-thickness thermal conduction dif-

fers between glass fiber composites and carbon fiber

composites.

For both glass fiber composites and carbon fiber com-

posites, the plot of thermal resistivity versus thickness is

linear. This indicates that the interlaminar interface con-

tribution to the thermal resistivity is negligible compared to

the lamina contribution for both types of composite.

Table 7 Flexural properties of

woven glass fiber composites
Composite treatment Thickness (mm) Modulus (GPa) Strength (MPa) Ductility (%)

Untreated 1.92 ± 0.02 37.4 ± 0.7 751 ± 13 2.04 ± 0.11

Toluene treated 1.88 ± 0.02 35.9 ± 0.5 643 ± 13 2.76 ± 0.06

BNNT/toluene treated 1.88 ± 0.02 36.5 ± 0.6 685 ± 13 2.25 ± 0.05
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Fig. 8 Representative stress–

strain curves of woven glass

fiber epoxy–matrix composites.

a Untreated composite.

b Composite with toluene

treatment. c Composite with

toluene treatment and BNNT

incorporation
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Further discussion

For all the composites studied in terms of the through-

thickness thermal conductivity, the thermal resistivity of

the interlaminar interface is negligible compared to that of

each lamina. The lamina resistivity is dominated by the

resistivity of the fibers in the lamina. Though the resistivity

of the fiber–fiber interfaces in a lamina is the minority

contributor to the lamina resistivity, it decreases signifi-

cantly with increasing curing pressure and with composite

modification by solvent or filler (BNNTs). The mechanism

of thermal conductivity increase due to the composite

modification or the curing pressure increase relates to the

increase in the degree of fiber–fiber contact within each

lamina in the composite. The higher is the curing pressure,

the greater is the degree of fiber–fiber contact within a

lamina, as expected.

Even though the composite modification is incurred at

the interlaminar interface (due to the modification being

performed on the prepreg surface prior to composite fab-

rication), the modification affects the structure within each

lamina in the composite. In case of modification using a

solvent (ethanol or toluene), the solvent apparently does

not merely remove a part of the resin from the prepreg

surface, but it probably removes a part of the resin from the

interior of the prepreg sheet also. In case of modification

using BNNTs, the BNNTs reside at the interlaminar

interface, but they probably increase the degree of fiber

waviness in each lamina, thereby increasing the degree of

fiber–fiber contact.

Prior work by others showed an increase of up to 140 %

[8] or 62 % [9] in the in-plane thermal conductivity of

glass fiber polymer–matrix composites due to the addition

of CNTs to the matrix and no increase (with consideration

of the large error bars) [10] in the through-thickness con-

ductivity due to the addition of carbon nanofibers to the

matrix. By using BNNT as the filler (along with solvent

treatment of the prepreg), this work has achieved

(88 ± 15) % increase in the through-thickness thermal

conductivity. By increasing the curing pressure, this work

has achieved up to (76 ± 25) % increase in the through-

thickness thermal conductivity. This means that both

BNNT addition (along with solvent treatment of the pre-

preg) and curing pressure increase are more effective than

CNF addition for enhancing the through-thickness con-

ductivity. The difference between this work and prior work

is partly due to the fact that the glass fibers (0.05 W/(m K))

used in prior work [8] have much lower thermal conduc-

tivity than the matrix (0.18 W/(m K)). As a consequence,

the matrix is dominant in providing thermal conduction and

hence its modification by CNT addition gives a large effect

on the conductivity of the composite. The difference is also

partly because the fiber content in the prior work is only

25 vol% [8], 48 vol% [9] or 30–35 vol% [10], compared to

55 vol% in this work. A lower fiber content means a higher

matrix content, which makes the matrix modification more

influential. In contrast, this work addresses the through-

thickness thermal conductivity and involves a typical sit-

uation in which the fibers are considerably more conduc-

tive than the matrix and the glass fiber content is high for

providing high mechanical performance.

The highest in-plane thermal conductivity of glass fiber

polymer–matrix composites previously reported is 0.44 W/

(m K) [8] or 0.43 W/(m K) [9], as obtained by the addition

of CNT to the matrix. The through-thickness conductivity

has previously been reported to be 0.377 W/(m K) [11] and

0.38 W/(m K) [22] for unmodified glass fiber composites

containing 60 and 57 vol% glass fibers, respectively, and

0.19 W/(m K) for a glass fiber (30–35 vol%) composite

with carbon nanofibers added to the matrix [10]. For FR-4,

the value is 0.29 W/(m K). In contrast, the through-thick-

ness conductivity obtained in this work is up to 1.2 W/

(m K), which is higher than all of the previously reported

values for glass fiber composites. The glass fiber volume

fraction of this work is comparable to those of prior work

[11, 22]. The high thermal conductivity values obtained in

this work compared to the other prior work are at least

partly due to the decoupling of the contact thermal resis-

tivity and the specimen thermal resistivity by using the

method illustrated in Fig. 4. In contrast, prior work [8–11,

22] did not perform the decoupling.

Glass fiber polymer–matrix composites are lightweight

construction materials, for which the thermal insulation

ability is desired for energy conservation. Therefore, the

decrease of the thermal conductivity is of practical interest.

The findings of this work indicate that the decrease of the

through-thickness thermal conductivity of these composites

may be accomplished by decreasing the extent of fiber–

fiber contact without increasing the fiber volume fraction.

Increasing the curing pressure decreases the extent of

fiber–fiber contact, but it increases the fiber volume frac-

tion as well due to resin squeeze-out. Therefore, other

methods of decreasing the extent of fiber–fiber contact

should be considered.

When the conduction path mainly involves that of the

parallel configuration, as in the case of the glass fiber

composites, the p index is high. When the conduction path

mainly involves that of the series configuration, as in the

case of the carbon fiber composites, the p index is low.

Within each case, the p index relates to the extent of fiber–

fiber contact. However, the extent of fiber–fiber contact in

case of dominance by the series configuration (i.e., the case

of a low p index) is not necessarily lower than that in case

of dominance by the parallel configuration (i.e., the case of

a high p index). This is because, when the series configu-

ration dominates, the effect of the fiber–fiber contact is
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relatively small, even though the extent of contact may be

high. However, within the category of parallel dominance

or within the category of series dominance, the p index

relates to the extent of fiber–fiber contact.

Conclusion

This paper provides new understanding of the through-

thickness thermal conduction in glass fiber polymer–matrix

composites, in addition to providing methods of modifying

the composite for enhancing this conductivity. The findings

are significant from both scientific and technological

viewpoints.

The thermal resistivity of the interlaminar interface is

negligible compared to that of each lamina. The lamina

resistivity is dominated by the resistivity of the fibers in the

lamina. Nevertheless, the resistivity of the fiber–fiber

interfaces in a lamina decreases significantly with

increasing curing pressure and with composite modification

by solvent or filler (BNNTs). The thermal conduction

occurs mainly through through-thickness fiber–fiber con-

tacts, so that the conductivity mainly obeys the Rule of

Mixtures for the parallel configuration of the fibers and

matrix rather than that for the series configuration. The

p index is introduced to describe the mechanism of

through-thickness thermal conduction. It is based on the

relative contributions of the parallel and series configura-

tions to the conductivity and mathematically corresponds

to the fractional contribution by the parallel configuration.

A high value of the p index correlates with a low value of

Ra, which is the thermal resistivity of the fiber–fiber con-

tacts in a lamina.

The through-thickness thermal conductivity of the

composites is comparable to (though smaller than) the axial

thermal conductivity of the individual fiber. The compos-

ites are similar in the thermal conductivity in the through-

thickness and in-plane directions. This is enabled by the

fiber–fiber contacts in the through-thickness direction

providing an effective thermal conduction path. The

mechanism of thermal conductivity increase due to the

composite modification or the curing pressure increase

relates to the increase in the degree of fiber–fiber contact

within each lamina in the composite.

At the low curing pressure of 0.69 MPa in the absence

of prepreg treatment, the p index and the thermal con-

ductivity are lower for the woven composite than the

nonwoven composites. Increase in the curing pressure from

0.69 to 4.0 MPa or treatment of the prepreg by a solvent

that partially dissolves the resin on the prepreg surface

increases the p index and the thermal conductivity for both

woven and nonwoven composites. This is due to the

increase in the degree of fiber–fiber contact in each lamina

and the associated decrease in the thermal resistivity of the

fiber–fiber interfaces in the lamina.

The prepreg treatment using a solvent increases the

p index and the thermal conductivity by similar extents as

the curing pressure increase to 2.0 MPa, whether the

composite is woven or not. However, the curing pressure

increase to 4.0 MPa increases the p index and the thermal

conductivity more significantly than the prepreg solvent

treatment. The addition of BNNTs to the interlaminar

interface (along with toluene treatment) increases the

thermal conductivity of the composite more significantly

than curing pressure increase or prepreg solvent treatment

and decreases Ra as significantly as the highest curing

pressure of 4.0 MPa. Increase in the curing pressure and

prepreg solvent treatment increase the p index and the

thermal conductivity of the woven composite more sig-

nificantly than those of the nonwoven composites, due to

the relatively high matrix volume fraction of the woven

composite made at the low curing pressure in the absence

of prepreg treatment.

The highest thermal conductivity (1.2 W/(m K)) is

provided by the combined use of filler (BNNTs) incorpo-

ration and solvent (toluene) treatment of the prepreg. This

value is higher than all of the previously reported values for

glass fiber composites. For the unmodified composite, the

thermal conductivity is 0.6 W/(m K). This method of

increasing the thermal conductivity is more effective than

that involving the increase of the curing pressure. The

composite modification by solvent treatment and/or BNNT

incorporation decreases the flexural strength and modulus

slightly, while the ductility is increased.

The thermal conductivity is higher for the nonwoven

composites (unidirectional or crossply) than the woven

composite when the composites are fabricated under the

same usual condition, i.e., the curing pressure (0.69 MPa)

and the absence of prepreg treatment. The thermal con-

ductivity is increased by 90 % by BNNT incorporation

(along with solvent treatment of the prepreg), up to 80 %

through curing pressure increase and up to 50 % through

solvent treatment. In contrast to prior methods [8–12],

these methods of thermal conductivity enhancement do not

affect the electrical insulation ability of the composites.

The woven composite gives greater fractional increases

than the nonwoven ones. Unidirectional and crossply

composites exhibit similar values of the thermal conduc-

tivity, because the interlaminar interface contributes neg-

ligibly to the thermal resistivity.

The above points apply to glass fiber composites. In

contrast to the glass fiber composites, carbon fiber com-

posites obey the series model much more closely than the

parallel model, due to the relatively high thermal conduc-

tivity of the carbon fibers compared to the glass fibers. The

effect of composite modification on the through-thickness
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thermal conductivity is lower for carbon fiber composites

than glass fiber composites, due to the smaller fractional

decrease in the intralaminar fiber–fiber contact thermal

resistivity for the former. In spite of the higher thermal

conductivity of carbon fibers compared to glass fibers, the

through-thickness thermal conductivity is comparable for

the two types of composite.
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