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InvestIgatIon of thermal and mechanIcal ProPertIes of three-dImensIonal  
BraIded comPosIte materIals

This paper investigates the thermal and mechanical properties of a composite made from a combination of 2063-epoxy resin 
and three different braided carbon-fiber fabric reinforcements. These fibres consist of hTs carbon, hTs carbon braided with nickel 
coated carbon and hTs carbon braided with nickel coated copper, respectively. The composites were manufactured through resin 
transfer molding (rTm) route. The thermal diffusivity of carbon fibers composites was measured at different temperature by us-
ing a flash method. The transverse and planar thermal conductivities were determined by measuring the specific heat, density and 
thermal diffusivities, respectively. The current research highlights the influence of adding nickel coated carbon and nickel-plated 
copper wires on the braided composites. The evaluation shows that the hTs carbon braided manufactured with nickel-plated copper 
wires presents higher in-plane thermal conductivity (in direction parallel of the fibres) when comparing to hTs carbon and hTs 
carbon braided manufactured with nickel coated carbon. The thermal conductivity benefits of those composite were achieved at 
the expenses of lower mechanical properties of braided composites investigated.
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1. Introduction

carbon fabric reinforced polymeric composites have been 
used extensively in numerous applications (i.e. automotive, ground 
transport, civil infrastructure, maritime and sport industries) [1,2]. 
specifically, these composites are manufactured for components 
as flaps, aileron, landing-gear doors, and other artifacts used in 
aeronautical industry. The increase use of composites for vari-
ous applications emphasizes its importance/significance related 
to superior thermal property in the above engineering system. 

Thermal properties of composite materials depend on the 
amount and configuration of constituent materials. Generally, 
the fibers and matrices have different thermal properties. in these 
materials the carbon fibers have higher thermal conductivity than 
polymeric matrices ((e.g. 24.0 W/(m·K) for carbon fibers and 
0.17-0.79 W/(m·K) for epoxy matrices)). There, fiber orientation, 
configuration, and volume fraction are factors that may affect the 
heat propagation in composite parts. composites may present 
high thermal anisotropy in along-fiber and perpendicular-to-fiber 
direction. based on hwan-boh shim et al. [3], the thermal conduc-
tivity ratio between the two directions can vary between 40~130 

W/(m·K). in practice, the in-plane direction of fiber-composite 
is aligned with the along-fiber direction, and through-thickness 
direction is perpendicular-to-fiber direction. in many applica-
tions, both in-plane heat spreading, and through-thickness heat 
removal are important for effective heat dissipation. The thermal 
conduction behaviour of an isotropic matrix reinforced with cy-
lindrically orthotropic fibers is fully characterized by the values 
of its in-plane and through-thickness thermal conductivity [4]. 
a few researchers used lFa micro Flash technique to measure 
the thermal properties of composite materials. Joven et al. [5] 
analysed the thermal conductivity and thermal diffusivity of 
carbon fiber-epoxy composites containing different fiber weave 
configurations by the means of lFa micro Flash method. The 
neTZsch lFa micro Flash complies with the latest technology 
for modern laser flash systems. The table-top instrument allows 
measurements from –125°c to 1100°c using two different user-
exchangeable furnaces. This instrument can be used for small 
and large sample sizes of up to 25.4 mm diameter and, with 
the integrated sample changer, measurements can be conducted 
simultaneously on several samples at the same time. other sci-
entists have [6-7-8] also employed lFa micro Flash technique to 
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estimate the thermal properties of composite materials. braided 
composites are being widely used in the areas of aeronautics be-
cause of their superior mechanics and physics properties. in the 
early research considerable attention has focused on microstruc-
ture [9-10], stiffness [11-12] and strength [13], but investigations 
into thermal conductivity property of braided composites were 
very scare. in ref. [14], they investigated thermal conductivity 
property of 3-d braided composites using experimental tests. 
schuster et al. [15] studied the effect of a three-dimensional 
fiber reinforcement on the out-of-plane which affect the thermal 
conductivity of composite materials. liu et al. [16] and li et al. 
[17] predicted the thermal conductivity of the 3d four-directional 
and five-directional braided composites based on different finite 
element models, respectively. cheng et al. [18] investigated the 
thermal property of the 3d braided composites by experiment 
and numerical methods. also, the effects of the braiding angle 
and fiber volume fraction on the thermal conductivity of the 3d 
braided composites have been assessed by Jiang et al. [19].

The mechanical properties of braided composites depend-
ents greatly on their microstructure, which is much different 
from that of traditional composites. accordingly, the braided 
composites can be tailored to meet some specific requirements 
from their applications. braided composites are a novel class of 
composites with high performances. however, in the literature 
were noted that only few researches have studied the mechani-
cal properties of some braided composites. yau et al. [20] have 
studied the flexural and axial compressive failures of three-
dimensionally braided composite. We have observed that the 
relationship of stress and strain presented linear characteristics 
when 3d braided i-beam appeared the initial damage using four-
point flexure tests. sun et al. [21] found that the compression 
deformation of 3d four-directional braided composites became 
more obvious with the increase of strain rate. calme et al. [22] 
studied the static behaviour of 3d braided composite rings 
subjected to lateral compression. li et al. [23] observed that the 
cutting edge on the thickness of 3d braided composite reduced 
the bending modulus. also, the effect of braid angle on the flex-
ural performance of structural braided thermoplastic composite 
beams have been assessed by singh et al. [ 24].

in this study, the thermal conductivity of carbon fiber-epoxy 
composites was characterized using an lFa microFlash method. 
Thermal conductivity of these materials was evaluated using 
measurements of density, thermal diffusivity and specific heat. 
samples manufactured with three braided composites (hTs car-
bon/2063, hTs carbon with carbon-coated nickel/2063 and hTs 
carbon with nickel-plated copper/2063) were analysed. The influ-
ence of carbon-coated nickel and nickel-plated copper on both 
in-plane and through-thickness thermal conductivities was identi-
fied. uniaxial tensile testing of these braided composite materi-
als was then conducted. also, the three-point bending test were 
conducted on these composite materials to determine the flexural 
stress, flexural strain and young modulus. The goal of this re-
search was to provide a detailed experimental state of art for three 
braided composites which can act as a data base for the design 
and engineering application, especially aerospace components.

2. experimental

2.1. materials

2063-epoxy resin was used as matrix and supplied by axon 
Technologies. The specification of the epoxy resin is shown in 
Table 1. Three different braided carbon fabric were used and 
supplied by Toho Tenax. They were hTs carbon braided, hTs 
carbon manufactured with carbon-coated nickel and hTs carbon 
manufactured with nickel-plated copper. The braided composite 
materials used in our experiment were provided by dJp com-
posites and were manufactured for aeronautic applications. The 
composites studied are very consistent in terms of thickness that 
is about 2.4 mm (Fig. 1). The properties of hTs carbon fiber, 
nickel and copper are shown in Table 2.

Table 1
properties of 2063 epoxy resin 

epoxy resin Properties value

2063

density (g cm–3) 1.16

cure cycle 80°c for 2 h and 180°c  
for 4 h

Tg (°c) 180
Thermal conductivity  

(W/mK) 0.17

Table 2
properties of hTs carbon fiber, nickel and copper 

Properties value

HTS carbon fiber density (g cm–3) 1.80
Thermal conductivity (W/mK) 10.00

nickel density 8.90
Thermal conductivity (W/mK) 91.00

copper
density 8.92

Thermal conductivity (W/mK) 386.00

Fig. 1. schematic configuration of composites studied

Triaxial-braided fabric that was evaluated in this study 
has basically three sets of yarns: braid (bias) and warp (axial). 
braided yarns intertwine with each other around the axial yarns 
at about a 45° angle, whereas axial yarns lie throughout in the 
structure. Therefore, the triaxial-braided fabric is formed as 
shown in Fig. 2. in concept, unit cell (also known as representa-
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tive volume element) assumes that there is a basic geometric 
pattern in the structure that represents the full-scale model. 
it can be seen from Fig. 2 that there is a specific repeated pattern 
of the tows in the structure. The same repeating pattern could 
be observed in all type of braids. Thus, each braided structure 
can be discretized in a number of identical repeating unit cells. 
because of this periodic nature the behavior of the unit cell is 
same as that of the complete structure. For this reason, a single 
unit cell can simulate the entire braid structure provided that the 
correct boundary conditions are applied.

2.2. thermal diffusivity and conductivity  
analysis

The thermal properties were measured using a light flash 
analyzer (lFa 457 micro Flash Tm system by neTZsch-Ger-
ätebau Gmbh, selb / Germany). This analyzer employ a xenon 
flash light which generate a pulse of energy on the bottom side of 
the sample. This pulse increases the sample temperature while the 
indium antimonide (insb) infrared detector permits to measure 
the response time produced by the pulse of energy on the top side 
of the sample. This response time was utilized to calculate the 
thermal diffusivity. For instance, parker/adiabatic method (ideal 
case) allows to calculate the thermal diffusivity as follows [25].

 

2

1/2
0.13879 l

t
     (1)

where t1/2 is half of the response time, l is the thickness, and 
a is the thermal diffusivity. Then, the thermal conductivity λ(T ) 
was calculated by multiplying α(T ), specific heat Cp(T), and 
sample density, ρ(T):

 ( ) ( ) ( ) ( )pT T C T T       (2)

2.3. density analysis 

The density versus temperature relationship was described 
by the change in the volume due to the thermal expansion. For 

a cubic unit cell of a material, the mass at room temperature is 
calculated as [26]:

 m0 = ρ0 × 1 cm3 (3)

and the temperature T is deduced using the mass:

 
3

( ) ( ) ( )

( ) (1 ( )) ( ) (1 3 ( ))

m T T v T

T T T T



   

  

     
 

 (4)

where, η(T) is the coefficient of thermal expansion (unit of 
η(T) is (1/K))

assuming that the mass is preserved, the density can be 
expressed as:
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because η(T) for the studied composite materials is negli-
gible being the order of 10–6 (1/K) we can obtain: 

 ρ(T ) ≈ ρ0 (6)

a pycnometer is used to accurately determine the bulk 
volume as part of apparent density determination. The system is 
filled with helium. The volume of each section of the system is 
known. The pressure is measured, before and after, for a section 
when atmospheric pressure is added. The ideal gas law is used to 
determine the volume of a specimen. The mass is measured sepa-
rately, and by combining the volume and mass information, we 
get the apparent density such as apparent density = mass/volume. 

2.4. determination of fibre volume content

accurate determination of the volume fraction of different 
components in a composite is essential to understand the overall 
thermal and mechanical performance of the composite material. 
Thermogravimetric analysis (TGa) instrument neTZsch sTa 
449 F3 Jupiter® analyzer was used to characterize the fibre 
content of the carbon fibre/epoxy composites. by considering 
20-30 mg of content of composites from a random chosen part 
we can measure accurately the TG. The specimens for TGa 

Fig. 2. Triaxial braided composite (a) fabric preform and (b) unit cell



1328

were placed in a platinum crucible. They were heated in air 
atmosphere using high-resolution mode at low heating rates 
(20°c/min), which provided good basis for the determination 
of mass fractions. The strategy for establishing the fibre volume 
fraction consists of measuring the mass fraction of carbon fiber 
in the composite using thermal gravimetric analysis (TGa). by 
measuring the density of pure epoxy sample and composite one is 
possible to compute the fibre volume as the volume not occupied 
by the epoxy resin. The volume fraction of fibres (Vf ) is given by: 
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where Mf and Mm are the mass fractions of fiber and matrix, re-
spectively, ρf and ρm are the densities of the fiber and matrix, 
respectively).

2.5. specific heat (cp)

specific heat measurements were performed using differ-
ential scanning calorimetry (neTZsch sTa 449 F3 Jupiter® 
analyzer). The temperature was maintained in the range of 25°c 
to 1000°c at a heating rate of 20°c/min, under air atmosphere. 
The differential calorimetric allows to determine the glass tran-
sition temperatures (Tg) and degradation as well as the specific 
heat (Cp). 

2.6. tensile test

The tensile tests were conducted according to iso  725-1b. 
Tensile properties were evaluated using an instron 1342 me-
chanical tester with 100 kn capacity. The reproducibility of 
the results was achieved by testing five specimens for each 
compound. a crosshead displacement rate of 1 mm/min was 
used. The specimens tested for each type of braided composites 
are bounded by the following dimensions: length = 250 mm; 
width = 25 mm; and thickness = 2.4 mm, respectively. a typical 
tensile test and sample were reproduced in Fig. 3. The ultimate 
strength of composite was calculated using eq. (8), where F and S 

are the applied force at breaking point and cross-sectional area 
of the coupon gauge section respectively. ultimate strain was 
measured using an extensometer combined with the composite 
tensile stress in eq. (9) which yield the young’s modulus.
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2.6. Bending test

Three-point bending testing is done to evaluated the flexural 
stress, and flexural strain of the composite materials. The 3-point 
bending test was carried out in an instron Testing machine in 
crismaT laboratoty, ensicaen. The applied velocity of the 
bending load was 1 mm/min. a 2.4 mm thickness, 13.2 mm 
width and 100 mm length of strip was cut from the rectangular 
composite plate with the help of electrical power saw. Fig. 4 
shows the load configuration for a beam subjected to three-point 
bending test. There, F is the load, b is the width of the specimen, 
h is the thickness of the specimen and L is the span (L = 80 mm). 
The flexural stress, flexural strain and young’s modulus are 
computed by the following equation 10, 11 and 12, respectively:
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here δmax is maximal displacement and F/δ is the slope (load-
displacement curves).

Fig. 3. Tensile testing machine (a) and sample dimensions (b)

Fig. 4. load configuration for a beam in three point bending

3. results and discussion

3.1. density and fibre volume content 

density was measured at room temperature for the different 
composites by using the pycnometry method (accu pyc 1330). 
The experiments indicated that the different manufacturing braid 
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configurations generate various density. it is because the samples 
made of braids (hTs carbon braided manufactured with nickel 
coated copper /2063 and hTs carbon braided with nickel coated 
carbon/2063) showed higher values than those measured in braid 
hTs carbon samples. This is explained by the great density of 
copper and nickel compared to the density of carbon fiber. once 
the density was determined at room temperature, in the next 
step were measured the volume fraction of different composites 
by using a TGa in order to obtain the mass fractions of fibers. 
Typical decomposition curve of 2063-epoxy and hTs carbon-
fiber are shown in Fig. 5, where two-step degradation process 
for the composites studied can be seen. The first step weight loss 
processes occurred roughly at 380-410°c, which corresponds to 
degradation of the resin epoxy. The second step happened from 
about 700°c to 750°c. This step may be assigned to the decom-
position of the carbon fiber. having obtained the mass fraction of 
the composites, were determined the fiber volume fractions using 
equation (5). The density and fibre volume content of different 
fibers used in this study are listed in Table 3.

Fig. 5. The thermogravimetric analysis (TGa) analysis of hTs car-
bon/2063 composite

Table 3

density, fiber weight and volume content of three  
different composites 

sample density
(g cm–3)

fiber weight
(%)

fiber volume
(%)

hTs carbon/2063 1.56 70 60

hTs carbon + cni/2063 1.66
33.5% hTs 32% hTs 
36.5% cni 24% cni

hTs carbon + coni/2063 1.77
29.6% hTs 37% hTs 
41.4% coni 8% coni

3.2. specific heat capacity

specific heat capacity is an important parameter for thermal 
conductivity calculation and was obtained by dsc analysis. The 
evolution of the specific heat versus temperature is presented in 
Fig. 6. overall, tests indicated that cp curves were similar for all 
samples and changed proportionally to temperature. For instance, 

cp values at temperature (35°c) were around 925 J/(kg·K) 
while those at 110°c were 1200 J/(kg·K) for the hTs car-
bon/2063 system tested. Furthermore, cp increased linearly 
proportional to temperature for all the samples. it is observed 
that the specific heat of hTs carbon braided with nickel coated 
copper /2063 showed lower values than those compared by braid 
hTs carbon/2063 and hTs carbon braided with nickel coated 
carbon/2063 samples. This can be explained by the low specific 
heat of copper (385 J/kg·K) when compared by the specific heat 
of nickel (444 J/(kg·K)) and carbon fiber (712 J/(kg·K)).

3.3. thermal diffusivity and conductivity 

The thermal diffusivity was determined in the temperature 
range 25-80°c, on ~ 8 mm × 8 mm × 2 mm parallelepiped-shaped 
specimens. The measurement of the in-plane thermal diffusivity 
is performed on ~ 9 mm × 6 mm × 2 mm rectangular-stacked 
specimens in the directions parallel and perpendicular of the 
carbon fibers. Thermal conductivity was calculated using equa-
tion 2. The transverse conductivity versus the temperature is 
shown in Fig. 7. it is visible that the transverse conductivity of 

Fig. 7. in-plane thermal conductivity in the direction parallel to the 
fibers of three braided composites

Fig. 6. Transverse thermal conductivity of three braided composites
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the hTs carbon/2063 is higher than the hTs carbon + cni/2063 
and hTs carbon + coni/2063. The Figs. 8 and 9 shows the 
evolution of the in-plane thermal conductivity for in parallel and 
perpendicular of fibers direction of braided composites. The in-
plane thermal conductivity of the braided composite was higher 
as compared to the transverse thermal conductivity. We found 
that the in-plane thermal conductivity in the direction parallel 
to the fibres of the hTs carbon + coni/ 2063 composites reach 
a higher value when compared to hTs carbon/2063 and hTs 
carbon + cni/2063 composites. This can be explained by great 
thermal conductivity of copper in relation with thermal con-
ductivity of nickel and carbon fiber. also, we do not observed 
a big difference for the in-plane thermal conductivity and the 
direction perpendicular to the fibers for the three composites 
studied. These experimental results confirm that the transverse 
and in-plane thermal conductivity in the direction perpendicular 
to the fibers is less affected by adding the carbon-coated nickel 
and nickel-plated copper wires. on the other hand, in-plane ther-
mal conductivity in the direction parallel to the fibers is higher 
which is influenced more by adding the nickel-plated copper 
wires than by adding the carbon-coated nickel.

3.4. tensile test

The mechanical properties of the three material systems 
were experimentally determined in a series of tensile tests. Test 
panels were fabricated and machined to permit direct determi-
nation of the materials performance in both the longitudinal 
direction (parallel to the 0° yarns) and the transverse direction 
(perpendicular to the 0° yarns (90°)). The principal young’s 
moduli, ultimate strain and the ultimate tensile strengths were 
measured in these tests.

The tensile behaviour in the transverse direction (perpen-
dicular to the 0° yarns) is shown in Fig. 10. The results can be 
described in three principal phases: the first phase is initial linear 
elastic behaviour followed by a phase of non-linear one in which 
the maximum loading is reached. in the last phase, it is observed 
the total rupture of the samples. obviously, the test pieces have 
undergone plastic deformation. Fig. 11 depicts the stress-strain 
curve for three braided composites solicited in the longitudinal 
direction (parallel to the 0° yarns). here, the materials do not 
show the plastic behaviour and rupture occurs in the elastic range, 
demonstrating the brittle behaviour. 

results of the mechanical properties of these composites 
are summarized in Table 4. The table contains the average 

Fig. 8. in-plane thermal conductivity in the direction perpendicular 
to the fibers of three braided composites as a function of temperature

Fig. 9. stress-strain curves of three braided composites in the perpen-
dicular to the fiber direction

Fig. 10. stress-strain curves of three braided composites in the parallel 
to the fiber direction

Fig. 11. Typical load-displacement curves of of three braided composites
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strengths, young’s modulus and ultimate strains (as recorded 
by the extensometer) for the longitudinal (direction of 0° yarns) 
and transverse (perpendicular to the 0° yarns) tension tests. 
longitudinal strengths and young’s modulus were greater than 
transverse strengths and young’s modulus for all three materi-
als. in fact, transverse strengths and young’s modulus showed 
little sensitivity to fiber architecture. The longitudinal strengths 
and young’s modulus showed a range of values, however. For 
example, the hTs carbon + coni/2063 braided composite speci-
mens’ longitudinal strength was 76% greater than their transverse 
strength. The hTs carbon/2063 specimens, by comparison, 
were 81% stronger in the longitudinal direction than they were 
in the transverse direction. also, the ultimate strength and the 
young’s modulus of the hTs carbon/2063 braided composite 
is higher as compared to the other composites. These results 
show that the ultimate strength changes when is added 24% of 
the carbon coated copper and 8% of the nickel-plated copper,  
respectively. 

Table 4

The tensile properties of three braided composites in the parallel  
and perpendicular to the fiber direction

sample orientation
Young’s 
modulus

(gPa)

Ultimate 
strength 
(mPa)

Ultimate 
strain
(%)

hTs carbon/2063
0° 54.98 677.82 1.24

90° 17.60 129.42 1.37
hTs carbon + 

cni/2063
0° 58.02 501.99 0.87
90° 13.86 84.85 1.38

hTs carbon + 
coni/2063

0° 40.62 453.24 1.31
90° 15.50 109.96 1.39

3.4. Bending test

Fig. 12 depict the load-displacement curve of the braided 
composites solicited in three-point bending. The bending behav-
ior presents similar trend and can be described in three principal 
phases: the first phase reveals an initial linear elastic behavior 

followed by a phase of nonlinear one in which the maximum 
loading is reached. in the last phase, a reduction in the load 
applied is observed until the total rupture of the sample occurs. 
This figure shows also a decrease of the maximum load and 
bending stiffness with adding the 24% of the carbon coated cop-
per and 8% of the nickel-plated copper, respectively. From this 
figure, the flexural stress, flexural strain and young’s modulus 
have been obtained and listed in Table 5. by adding 24% of 
carbon coated copper is produced a decrease of flexural stress 
and bending stiffness by about 19% and 5%, respectively. also, 
by adding 8% of nickel-plated copper is induced a reduction of 
flexural stress and bending stiffness by about 38% and 46%, 
respectively.

Table 5

The bending properties of three braided composites in the parallel 
and perpendicular to the fiber direction

sample
flexural 

stress 
(mPa)

Young’s 
modulus
(mPa)

flexural 
strain  
(%)

hTs carbon/2063 769.96 ± 34 47.78 ± 6 1.78 ± 0.09
hTs carbon +  

cni/2063 622.80 ± 47 45.25 ± 5 1.48 ± 0.12

hTs carbon +  
coni/2063 472.38 ± 82 25.67 ± 3 2.59 ± 0.50

4. conclusion

a detailed experimental investigation was conducted to 
analyse the mechanical and thermal properties of three braided 
composites. These materials were prepared with hTs car-
bon/2063, hTs carbon braid manufactured with carbon-coated 
nickel/2063 and hTs carbon braid manufactured with nickel-
plated copper/2063. The results showed better in-plane thermal 
conductivity compared to transverse thermal conductivity in the 
temperature range of 25-80°c. The hTs carbon braid containing 
nickel-plated copper wires with 2063 epoxy resin have higher 
values of in-plane thermal conductivity in the direction parallel 
to the fibres as compared to the other studied composites at the 
same temperature range.

The results showed superior tensile properties in terms of 
higher tensile strength and elastic modulus for braided compos-
ites solicited in along-fiber direction. however, by adding either 
carbon coated copper or nickel-plated copper a slightly reduction 
of flexural stress and bending stiffness is produced. 
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