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Composites based on poly(ethylene 2,6-naphthalate)
and basalt woven fabrics have been investigated with
the aim to develop composites with a minimum service
temperature of 100�C. Laminates have been manufac-
tured by using the film-stacking technique. A very low
void content and a good fabric impregnation has been
obtained as confirmed by the morphological analysis
performed with scanning electron microscopy. Static
flexural modulus and strength have been measured at
20, 60, and 100�C and compared with the dynamic
mechanical behavior, evaluated from 2100 to 220�C. A
very good agreement has been detected between
static and dynamic tests, proving that the dynamic
mechanical analysis can be used to estimate the flex-
ural modulus in a wide temperature range. Poly(ethyl-
ene 2,6-naphthalate)/basalt composites have exhibited
(at 20�C) a flexural modulus and strength as high as 20
GPa and 320 MPa, respectively. The flexural modulus
and the flexural strength at 100�C have been found to
be equal to 18 GPa and 230 MPa, confirming that this
system can retain very good mechanical properties at
a service temperature of 100�C. POLYM. COMPOS.,
00:000–000, 2015. VC 2015 Society of Plastics Engineers

INTRODUCTION

Thermoplastic composites are still a niche market, occu-

pying only 30% of the composites market [1] and are

mainly used as secondary structural parts such as fixed

wing leading edge, keel beams, and other small compo-

nents, whereas exterior structural components in aeronau-

tics are mostly based on thermoset matrices. As thermoset-

based composites and their processes are a very mature

technology, costs and weight reductions associated with

design optimizations are ever more difficult to obtain, and

as a consequence it is ever more difficult to meet incoming

needs of an evolving aerospace environment with fixed

structural costs. Reinforced thermoplastic composites offer

the aerospace industry opportunities to couple structural

performances to weight and cost savings and to a more

environmental oriented technology with respect to thermo-

sets [2]. In fact, raw thermoplastic matrices have a poten-

tial infinite shelf life, and thus cutting the low-temperature

storage costs typical of thermoset resins or preimpregnated

fibers. Thermoplastic polymers have increased impact

resistance, higher damage tolerance, and interlaminar

toughness owing to the presence of the amorphous phase

that can retard the crack propagation and allow larger

deformations [3]. They are potentially recyclable after their

life cycle, have improved chemical and environmental

resistance, and exhibit reduced moisture absorption [3].

Furthermore, they can be shaped and formed multiple

times after being consolidated, and have the ability to be

directly bonded without the use of adhesive layers, by

means of fusion, induction, or resistance welding techni-

ques. The increasing demand for high-performance compo-

sites from commodity market sectors can not only increase

the overall composites market but also can boost the
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adoption of thermoplastic composites as they allow a

higher productivity with respect to thermosets. In fact,

even if their production processes usually need expensive

tools, they are suitable for high level of automation and

hence high volume productions can be achieved.

Among the thermoplastic polymers, poly(ethylene 2,6-

naphthalate) (PEN) is the most affordable high-

performance polymer (when compared to polyphenylen-

sulfide [PPS], polyetheretherketone [PEEK], polyetheri-

mide [PEI], and polyethersulfone [PES]). As it has a

glass transition temperature (Tg) >120�C, it is a good

candidate for the production of high-performance/cost

ratio composites with high service temperature. Its melt-

ing temperature is around 265�C and this in turn reduces

the power requirements for its processing with respect to

high-performance semicrystalline polymers such as PPS

and PEEK. PEN has a very good thermal stability [4–6],

it has very low moisture absorption [7] and, thanks to its

semicrystalline structure, it can withstand a wide range of

solvents. Currently, most applications of PEN are in the

production of flexible electronic devices, such as flexible

displays and photovoltaic cells, by large-scale manufac-

turing processes owing to the combination of properties

such as ease of production process, good mechanical

behavior, and reasonably high resistance to oxygen and

water vapor penetration [8–10].

Only limited literature is available on the use of such

polymer in composite applications. PEN has been used in

continuous fiber form [11, 12] in composites based on

epoxy resin, whereas it has recently been used as matrix

for short fiber composites [13–15]. PEN has been used

for the first time as matrix for continuous fiber compo-

sites by Sorrentino et al. [16], who prepared laminates

based on glass fiber woven fabrics, and by Wang et al.

[17] and Hine et al. [18], who focused on the preparation

of a single polymer composite (albeit they were only able

to use a single reinforcing layer).

Among all the reinforcing fibers, recently basalt fibers

have gained an increasing attention as possible replace-

ment for glass or carbon fibers [19–21] owing to their

advantages in terms of environmental costs and chemico-

physical properties. Mineral fibers obtained from basalt

rocks are not new, but their suitability as reinforcement in

polymer composites is a relatively new issue [22]. The

chemical structure of basalt is similar to that of the glass

although its density is slightly higher (>2.7 g/cm3 com-

pared to 2.54 g/cm3 of glass) [23]. The chemical stability

of basalt fibers is better than that of glass fibers, espe-

cially in an acidic environment [24]. They can also be

used in a wide range of temperatures, from 2200 to

1600�C [20]. From the mechanical point of view, contin-

uous basalt fibers are competitive with glass fibers. Their

elastic modulus strongly depends on their chemical com-

position but it is usually equal or higher than that of glass

fibers, whereas both tensile strength and elongation at

break are higher [20, 25]. These characteristics make

basalt fibers a promising reinforcing material in compo-

sites as confirmed by the growing attention that they are

continuously gaining within the scientific community as

reinforcement for both thermoplastic [21, 26–30] and

thermosetting matrices [31–43].

The aim of this study has been to develop a thermo-

plastic composite capable of withstanding a service tem-

perature of 100�C to permit its use in industrial

applications where a high performance/cost ratio is

needed and environmental aspects are limiting factors. To

reach this goal, PEN as thermoplastic matrix and a basalt

fiber woven fabric as reinforcement have been used to

prepare composite laminates, which have been character-

ized under both static and dynamic loading conditions

over a wide temperature range.

MATERIALS AND METHODS

Raw Materials

The thermoplastic matrix used for the laminate prepa-

ration has been the PEN homopolymer (Teonex TN8065S

from Teijin Kasei, Japan). According to the manufacturer

datasheet, this polymer has density of 1.35 g/cm3 (25�C),

Tg of 120�C, and Tm of 265�C. The basalt fiber reinforce-

ment (BAS 220.1270.P) has been supplied by Basaltex-

Flocart NV, Belgium. It is a plain weave fabric with sur-

face weight of 220 g/m2, yarn count of 7.2 ends/cm

(warp and weft), and nominal thickness of 0.13 mm.

According to the supplier data sheet, the basalt fibers

employed (KVT150tex13-I) have density of 2.67 g/cm3,

average diameter of 13 6 1.5 mm, Young’s modulus of

85 6 2 GPa, and melting point of 1,350 6 100�C.

Materials Manufacturing

Thin films of neat PEN with a thickness of around 150

mm have been prepared by compression molding process.

PEN pellets have been pressed at 300�C and 50 bar for 5

min, and then quenched. Unreinforced PEN plates have

been produced as thermal reference for dynamic mechani-

cal analysis (DMA) tests by using the same temperature

and pressure profiles used for the laminates (see below).

Composite plates were prepared by using the film-

stacking process. All materials (PEN pellets and films,

basalt fabrics) have been dried in an oven at 115�C with

vacuum for at least 2 h. Eight layers of the reinforcing

fabric have been alternatively stacked, with a 0/90� orien-

tation of basalt woven fabric layers, between nine layers

of PEN films in a mold with dimensions of 110 mm 3

110 mm (length 3 width) and then pressed by using a

hydraulic hot plate press (model P 300P, Collin GmbH,

Germany). Temperature and pressure profiles have been

optimized to obtain a very good impregnation of fibers.

The processing sequence consists of a heating step at

300�C/1 bar for 5 min to melt the PEN films, followed

by a compression step at 300�C/4 bar for 2 min to force
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the fabric’s impregnation. At the end of the compression

step, the mold with the composite plate has been

quenched in cold water (at around 15�C), and thus forcing

a fast cooling and hindering the formation of crystals in

the polymer to obtain an almost amorphous matrix in the

composite. The need for keeping PEN in the amorphous

state is owing to the fact that the presence of crystals

(ordered packing of a fraction of the thermoplastic macro-

molecules) increases the local density of the polymer and

induces residual stresses that generate microcracks in the

laminate during the used cooling process. To show the

performance increase that can be potentially obtained

from the maximization of the crystalline phase, semicrys-

talline specimens were obtained by annealing amorphous

PEN specimens through an isothermal treatment operated

at 180�C for 2 h.

Characterization Procedures

A morphological analysis with a scanning electron

microscope has been performed on the samples to investi-

gate the impregnation quality of the production process

and the damaging of samples after the flexural characteri-

zation. Scanning electron microscopy (SEM) observations

with a Quanta 200 FEG from FEI (Eindhoven, The Neth-

erlands) were performed on gold-coated finely polished

cross-sections.

Dynamic mechanical properties of both matrix and

composites have been evaluated with a dynamic mechani-

cal analyzer (TRITEC 2000 DMA, from Triton Technol-

ogy, UK) by following the ASTM D 5023 Standard.

DMA tests have been performed with a three-point bend-

ing configuration (dynamic displacement amplitude of 50

mm, frequency of 1 Hz) in a temperature range from

2100 to 220�C (or until specimen failure) and using a

heating rate of 2�C/min. Neat PEN specimens have been

cut with dimensions of 32 mm 3 10 mm 3 1.0 mm and

a support span of 20 mm has been used (span-to-depth

ratio, 20:1). Composite specimens have been cut with

dimensions of 43 mm 3 12 mm 3 1.6 mm with a sup-

port span of 25 mm (span-to-depth ratio, 16:1).

Static three-point bending tests have been performed

according to the ASTM D790 Standard, by means of a

universal testing machine (model 4304 from SANS—

China, now MTS—USA) equipped with a 30 kN load

cell and a climatic chamber. The loading nose and sup-

ports of the three-point bending fixture are made of stain-

less steel and have cylindrical surfaces with radius of

curvature equal to 5 mm. Polymeric and composite sam-

ples (five samples for each temperature) with dimensions

(length 3 width 3 thickness) of 127 mm 3 12.7 mm 3

3.2 mm and 100 mm 3 12 mm 3 1.6 mm, respectively,

have been tested at 20�C. Composite samples were also

tested at 60 and 100�C. The span-to-depth ratio used has

been 32:1 for both polymeric and composite samples. The

strain rate of the outer fibers during the laminates testing

was equal to 0.01 mm/mm/min, which resulted in cross-

head speed of 2.65 mm/min. Load–deflection curves have

been plotted to determine the average values and standard

deviation of the flexural strength (ry) and the flexural

modulus of elasticity (EB).

RESULTS AND DISCUSSION

Physical Properties of Materials and Reinforcement
Impregnation

Composite plates presented an average thickness of

1.58 6 0.05 mm and density of 1.82 6 0.03 g/cm3 (meas-

ured according to the ASTM D792 Standard). The aver-

age fiber weight ratio was 54.8 6 2.4%, corresponding to

a fiber volume content of 37.5 6 2.2%, calculated using a

matrix burn-off procedure (ASTM D3171 Standard).

Composites’ cross-sections were first qualitatively

observed by an optical microscope to check for the pres-

ence of voids within fiber bundles and in the polymer

matrix. The impregnation of fabrics resulted to be very

good and no voids were detected by several optical

acquisitions in any laminate and all bundles appeared to

be well impregnated by the hosting matrix. The void vol-

ume content, calculated from the densities of components

according to the ASTM D2734 Standard, was 1.5 6 0.7%.

The SEM analysis of laminates’ cross-sections con-

firmed the very good fabric impregnation, which was uni-

form through the laminate thickness (Fig. 1a). The

complete impregnation of yarns is confirmed by micro-

graphs acquired at higher magnifications (Fig. 1b and c).

Dynamic Mechanical Analysis

DMA was performed from 2100 to 220�C to evaluate

the dependence of the laminate stiffness on the tempera-

ture. Unreinforced PEN was also tested to define the

dynamic mechanical behavior of the matrix as reference for

thermal transitions. In Fig. 2, the plots of the three-point

bending DMA tests are presented for amorphous and semi-

crystalline polymer. The storage modulus, that can be con-

sidered as a rough estimation of the flexural modulus, of

the amorphous PEN ranges from 4.5 to 1.5 GPa between

2100�C and the occurrence of the curve onset (just above

100�C). The semicrystalline PEN showed a storage modu-

lus increase of around 1.0 GPa through the same tempera-

ture range. Looking at tan d, the amorphous PEN

underwent a weak thermal transition around 50�C, whereas

as the glass transition approached, a strong increase of tan

d occurred. The geometry used for the DMA testing pre-

vented to detect the entire peak of tan d curve of the amor-

phous PEN, being the sample stiffness well below the

sensitivity of the testing analyzer. The semicrystalline PEN

also showed the thermal transition around 50�C, but the

curve onset, and hence the Tg increased of about 10�C with

respect to the amorphous polymer. On the contrary, the

storage modulus of the semicrystalline sample was still
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measurable above the Tg, and decreased to 100 MPa at

220�C.

In Fig. 3, a typical curve from the three-point bending

DMA test of basalt/amorphous PEN composite specimen

is shown. The storage modulus of the laminate linearly

decreased from around 26 to 20 GPa between 2100�C
and the occurrence of the curve onset. Above 100�C, a

sharp drop was detected, referable to the DMA behavior

of the amorphous PEN (Fig. 2). As the temperature

reached 170�C, the crystallization of PEN occurred. The

increase of the matrix stiffness (Fig. 2) affected the over-

all laminate response, which quickly rose up to 8.4 GPa

at 180�C when the crystallization stopped, and then

almost linearly decreased down to 7 GPa at 220�C. The

tan d curve of the composite showed a flat response until

around 100�C and then a first peak at 120�C (Tg of PEN).

A second peak of tan d occurred at 150�C, referable to

the formation and development of PEN crystals during

the heating. These results show that both the amorphous

FIG. 2. DMA curves (storage modulus, loss modulus, and tan d) of

unreinforced amorphous and semicrystalline PEN. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]

FIG. 1. SEM micrographs of laminate cross-sections at different magnifications: (a) 100 3, (b) 5,000 3,

and (c) 10,000 3.
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matrix and the amorphous composite retain a good stiff-

ness (storage modulus) until around 100�C. After this

temperature, the storage modulus decreases drastically,

accompanied by a substantial increase of loss modulus

and of tan d as a consequence of the material entering in

the rubbery region. The development of PEN crystals in

the matrix, on the other hand, can result in a huge

increase of the DMA response of the composite.

DMA tests are considered to correctly represent the

influence of temperature on the elastic behavior of a

material, but the absolute value of the elastic modulus

measured by this technique usually differs from that

measured by static mechanical tests although, in principle,

they should be very similar. This discrepancy has been

discussed by Deng et al. [44], who pointed out some rea-

sons as machine compliance, test parameters, loading

clamps, contact stresses, and specimen alignment. How-

ever, the use of the three-point bending configuration in

the DMA can give results very close to those from static

testing. Besides machine and test parameters, discrepan-

cies in the absolute value of elastic modulus could also

be related to specimen characteristics such as reinforce-

ment orientation, dispersion on mechanical and physical

properties, matrix impregnation, porosity, and geometry

dimensions. To compensate these issues, in this study,

DMA tests were performed on four specimens of each

material (unreinforced PEN and basalt/PEN composite)

and the mean curves of storage modulus versus tempera-

ture were calculated (Fig. 4). The standard deviation of

the storage modulus for each temperature is also shown.

A significant dispersion of storage modulus values is evi-

dent in the test results from the basalt/PEN composites

with respect to those from the neat PEN polymer. The

mean curve shape confirms the almost linear relationship

of the storage modulus with the temperature range

between 2100 and 100�C, with a good retention of the

stiffness for both materials. In Fig. 4, it is clear that the

slopes of the linear part of the curves for neat PEN poly-

mer and basalt/PEN composite are pretty similar, which

allows to conclude that the dependence of the composite

flexural behavior on the temperature is dominated by the

thermoplastic matrix behavior. On the contrary, the stiff-

ness data (absolute values of the storage modulus) are

mostly dependent on the reinforcement properties.

Static Flexural Testing

The actual average values and standard deviations of

the measured mechanical parameters (flexural modulus,

flexural strength, and strain at yield) from static flexural

tests of matrices (at 20�C) and composites (at 20, 60, and

100�C) are summarized in Table 1. It is worth noting that

the flexural strength and the strain at yield have been

considered as the stress and strain, respectively, at which

the first visible load drop on the stress–strain curves has

been detected as shown in Fig. 5. The semicrystalline

PEN showed a higher flexural modulus with respect to

the amorphous polymer, but both its strain at yield and its

yield stress were significantly lower. Composite speci-

mens tested at 20�C showed a mean flexural modulus of

20 GPa and a flexural strength of 320 MPa, both values

comparable to those exhibited by epoxy resin/basalt com-

posites [45]. The high flexural strength values confirm

that the interface strength between PEN and the basalt

FIG. 3. DMA curves (storage modulus, loss modulus, and tan d) of

PEN/basalt composites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIG. 4. Mean DMA curves and standard deviations of unreinforced

amorphous PEN and PEN/basalt composite. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

TABLE 1. Mean values and standard deviations of the flexural modu-

lus (EB), the flexural strength (ry), and the strain at yield (ey) at differ-

ent temperatures.

Material

Temperature

(�C) EB (GPa) ry (MPa) ey (%)

Matrix

(amorphous)

20 2.20 6 0.09 93.4 6 0.8 4.94 6 0.01

Matrix

(semicrystalline)

20 3.40 6 0.18 66.8 6 5.7 1.89 6 0.17

Basalt/PEN

composite

20 20.3 6 0.7 320 6 12 1.82 6 0.18

60 19.4 6 1.1 268 6 17 1.54 6 0.09

100 18.1 6 1.1 237 6 29 1.85 6 0.30
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fibers is very good in accordance with the findings from

the morphological analysis. As the temperature rises, both

the flexural modulus and the flexural strength reduce,

down to 18.1 GPa and 237 MPa, respectively, at 100�C.

In Fig. 6, the relative reductions of flexural modulus and

strength are plotted as a function of the testing tempera-

ture and it shows that the flexural strength is more sensi-

tive to the temperature than the flexural modulus as it

undergoes a 17 and 26% reduction at 60 and 100�C,

respectively, instead of 5 and 11% at the same tempera-

tures for strength. The strain at yield does not show a

clear dependence on the temperature ranging between 1.5

and 1.85%. The temperature affects the stress–strain curve

FIG. 5. Stress/strain curves from flexural tests on composites at 20, 60,

and 100�C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIG. 6. Relative reduction of the flexural modulus and the flexural

strength as function of the testing temperature. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]

FIG. 7. SEM micrographs of a broken sample cross-section after the three-point bending test. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fluctuations as its rise leads to curves with reduced signal

variability and more gradual stress decay (Fig. 5).

In the Fig. 7, SEM observations from a PEN/basalt

composite after the bending test performed at room tem-

perature are shown. Damage is characterized by local

delaminations in the compression (upper) side, associated

with fiber breakages owing to their buckling (Fig. 7b). In

the tension (lower) side, there are fiber breakages in ten-

sion and orthogonal cracks in the matrix (Fig. 7c).

Delaminations are localized in zones near the indenter tip

(Fig. 7a), an indirect effect of the strong interface

between PEN and fibers, which prevents damage from

being spread along the sample length direction.

In Fig. 8, the measured values of the flexural modulus

from the three-point bending analysis previously shown

are plotted on DMA curves. This comparison shows a

very good agreement between the static and the dynamic

flexural moduli, with the DMA average curve that cor-

rectly fits the static values. In fact, despite of the larger

variability of measured data, mean values are almost

superimposed. This finding confirms that the DMA can

be used as a reliable tool to evaluate the flexural modulus

of the investigated thermoplastic composites. Based on

this good correlation, data from crystallized PEN DMA

tests can be used to estimate the flexural modulus at tem-

peratures of >100�C in composites with crystallized

matrix (Fig. 3, dashed line). It is interesting to note that

such material could theoretically exhibit flexural moduli

as high as 8.4 6 1.6 and 7.1 6 1.5 GPa at 180 and 220�C,

respectively, further extending the service temperatures of

PEN/basalt composites.

CONCLUSIONS

Thermoplastic composites based on PEN and basalt

woven fabrics with a fiber volume content higher than

37% have been successfully prepared by using the film-

stacking technique. A very good impregnation with very

low void content has been achieved as confirmed by

SEM analysis and matrix burn-off tests. Composites have

been characterized under static and dynamic mechanical

conditions. DMA tests have shown that the developed

composites show high storage moduli up to 100�C, and,

although a drop occurs across the Tg of the PEN, a stor-

age modulus as high as 8.4 GPa can be achieved after the

formation of the crystalline phase in PEN. The static flex-

ural modulus, evaluated at 20, 60, and 100�C, has shown

a very good agreement with the DMA data, and thus con-

firming that DMA can be used to estimate the flexural

modulus of PEN/basalt composites as a function of the

temperature. The flexural modulus and the flexural

strength at 20�C (20.3 GPa and 320 MPa, respectively)

are comparable with those exhibited by similarly rein-

forced thermoset composites based on epoxy resin and

basalt woven fabrics. The flexural performance of the

developed laminates at 100�C has been equal to 18 GPa

and 230 MPa for modulus and strength, respectively, and

thus confirming that this system can retain good mechani-

cal properties at a service temperature of at least 100�C.
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