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Abstract

The effects of temperature on the static tensile behavior of continuous E-glass/polyamide laminates were
studied in order to assess the feasibility of using the material system for structural applications. Uniaxial
tensile tests were conducted on [0]8, [90]8, [02/902]s and [04/904]s laminates at multiple temperatures above
and below the glass transition temperature, which was measured using different methods. Optical and
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scanning electron microscopy were performed on the tested samples, and the effects of temperature on
failure modes were investigated. The [0]8 and [90]8 laminates displayed three reduction stages in modulus
versus temperature, where the largest reduction was in the glass transition region as a result of notable

EP

softening of the polyamide matrix, as confirmed by fractographic analysis. However, the [02/902]s and
[04/904]s laminates displayed the largest modulus reduction prior to the glass transition temperature with

AC
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little reduction beyond, which was attributed to matrix softening coupled with in situ ply constraining
effects.

Keywords: (Thermomechanical behavior; Continuous glass/polyamide; Fractography; Mechanical
properties)
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1. Introduction
Continuous fiber-reinforced thermoplastic composites possess high toughness and recyclability and,
therefore, are gaining more attention in industry as an alternative to more conventional thermosetting
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composites for primary structural applications. Nonetheless, a number of barriers must be overcome
before usage of these thermoplastic-based composites becomes widespread. For example, processing
continuous fiber-reinforced thermoplastics is challenging compared to their thermosetting counterparts

SC

due to the higher processing temperatures required and higher melt viscosity. Also, some thermoplastics
such as polyamide are susceptible to extreme environmental conditions due to their relatively low glass
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transition temperatures [1]. Under these conditions, not only are the mechanical properties notably
reduced due to the softening of the matrix, but the fiber/matrix interface integrity is also weakened by
temperature rise due to induced thermal stresses caused by thermal expansion coefficient mismatch of the
constituents. Therefore, improved understanding of the thermomechanical performance of continuous
fiber-reinforced thermoplastics is required.
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A number of studies focused on assessing the influence of fiber and matrix type as well as fiber
architecture on the performance of fiber-reinforced thermoplastic composites have been reported during
the past two decades. Huang et al. [2] investigated the effect of temperature on two cross ply laminates
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with the same fiber type, namely graphite/bismaleimide (thermoset) and graphite/Avimid (thermoplastic).
They concluded that the fracture toughness was higher for the thermoplastic composite, which for both

AC
C

material systems decreased with temperature. Vieille et al. [3] examined the mechanical behavior of
quasi-isotropic woven carbon/epoxy and carbon/PPS composites at 120 °C, and concluded that the
ductility of carbon/PPS limited the notch stress concentrations at this temperature. Sorrentino et al. [4]
studied the effect of temperature on flexural and low velocity impact behavior of four thermoplastic PENbased composites with carbon, Tawaron, Vecteran and basalt fibers, and found that basalt/PEN has the
best impact performance compared to the other three composites. Celestine et al. [5] investigated the
effect of temperature on the mechanical properties of carbon/polyamide composites with different fiber
architectures, including discontinuous, unidirectional and woven composites, and concluded that
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temperature has less effect on mechanical properties of aligned fibers. With respect to fiber length, Rezaei
et al. [6] studied the effect of carbon fiber length on the thermomechanical behavior and thermal stability
of short carbon/PP composites via thermal gravimetric analysis (TGA), and concluded that increasing
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fiber length increased the thermal stability of the composite. In contrast to the aforementioned studies,
Valentin et al. [7] studied the effect of temperature on the mechanical behavior of pure polyamide, short
glass fiber-reinforced and continuous fiber-reinforced polyamide composites between -40 °C and 140 °C.
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They found the effect of temperature more influential on stress at rupture for continuous composites.
In addition, a number of recently reported studies reveal that temperature has distinct influence on
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different mechanical properties [8–12]. For example, Gabrion et al. [8] studied the stability and
thermomechanical behavior of unidirectional thermoplastic carbon/polyimide composites. They observed
retention of the tensile and shear mechanical properties until 200 °C, except for the interfacial shear
strength. Gibson et al. [9] investigated the high temperature behavior of thick woven glass/PP composites
under tensile and compressive loading and found that, at high temperatures, mechanical properties under
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compression degraded more severely compared to tensile loading. A number of studies have also
expressed the dependency of Young’s modulus and strength on temperature in mathematical
formulations. For example, Reis et al. [10] studied the effect of temperature and strain rate on the
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behavior of woven glass/epoxy composites and found the effect of temperature more influential on
Young’s modulus than strength. Alcock et al. [11] investigated the effect of temperature on the strength
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and Young’s modulus of all-PP composites, where a master curve was developed and Arrhenius relations
were used to extrapolate strength and Young’s modulus data for different temperatures. Hufenbach et al.
[12] examined the temperature effect on the mechanical properties of 3-D textile-reinforced and woven
glass/PP composites. They investigated damage growth and void growth at different temperatures for both
tensile and compressive loading from -40 °C to 80 °C.
Recently, polyamide 6 has attracted attention as a potential alternative to thermosets for structural
composite materials [13]. Although low-cost polyamide composites possess some key advantages, the
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main drawback of this material is its low glass transition temperature which may limit its applicability
[14]. Some studies have investigated the thermomechanical behavior of glass/polyamide composites,
most of which are limited to short fiber composites [15–16]. Launay et al. [15] investigated the effect of

RI
PT

temperature and humidity on the mechanical behavior of short glass fiber-reinforced polyamide
composites and suggested a law which considers the effects of humidity and temperature on the material
behavior to be equivalent. Wang et al. [16] studied the effect of temperature and strain rate on the tensile
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behavior of short E-glass/polyamide composites both in the extrusion direction and perpendicular to the
extrusion direction. They established a strain rate and temperature-dependent model for the behavior of
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the material in both directions. Eftekhari and Fatemi [17] examined the behavior of different short glass
fiber-reinforced thermoplastic composites including glass/polyamide 6.6 under different environmental
conditions and different temperatures. They found a bi-linear reduction for strength and stiffness of
glass/Pa 6.6 at temperature range including glass transition temperature.

Continuous E-glass/polyamide is considered a potential cost-effective substitute for high performance
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thermoset composites such as E-glass/epoxy in wind turbine blades [18]. For these applications the
material can be exposed to different temperatures near or above the glass transition temperature, thus a
deeper understanding of the thermomechanical performance is required in order to account for potential

EP

reductions in its structural integrity. There are a few studies focused on assessing the effect of temperature
on the mechanical behavior of continuous E-glass/polyamide composite laminates [5,19-23]. Pegoretti et
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al. [19,20] studied the interfacial fracture toughness and also interfacial shear strength of glass/nylon
microcomposites with different sizing of fiber surface at different temperatures and concluded that
increasing temperature decreases the interfacial toughness and interfacial shear strength noticeably.
Recently, Machado et al. [21] investigated the thermomechanical behavior of woven carbon/polyamide
and glass/polyamide composites using dynamic mechanical thermal analysis (DMTA) in tensile mode and
modeled the material’s viscoelastic behavior with Prony series. Similarly, Ropers et al. [22] used dynamic
mechanical analysis (DMA) and rheometry in bending mode instead of conventional mechanical tests at
different temperatures to study the bending stiffness of woven glass/polyamide and unidirectional
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carbon/polyamide composites versus temperatures. They used linear Prony series and also a non-linear
model to express the viscoelastic behavior of the material.
Although the work reported in the cited literature has significantly advanced the knowledge base for
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thermoplastic composites, there is a lack of experimental data and fundamental understanding of the
effect of temperature on the performance of continuous glass/polyamide laminates, in particular their
tensile mechanical properties. Therefore, the focus of the current study is to assess the mechanical
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properties of cost-effective continuous E-glass/polyamide laminates at various ambient temperatures, at
both the lamina and laminate level. One of the main goals is to better understand the underlying

2 Material and Experimental Details
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mechanisms influencing the mechanical performance under quasi-static loading conditions.

It should be mentioned that all the experimental tests in this paper were performed at the University
of Waterloo.
2.1 Laminate Processing

TE
D

E-glass/polyamide prepreg from Jonam Ltd. was used for the fabrication of [0]8, [90]8, [02/902]s and
[04/904]s laminates. A 30-ton Carver hot press was used for fabrication of the panels with a maximum
processing temperature of 240 °C and consolidation pressure of 0.9 bar. The resulting fiber volume

formations [23].
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fraction for the fabricated composites was approximately 58%, with high quality and minimal void
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2.2 Glass Transition Temperature Determination
The glass transition temperature (Tg) of the material was determined using three different methods,
namely differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA) and
thermomechanical analysis (TMA).
DSC was carried out using a Netzsch DSC 200 F3 Maia® under a nitrogen atmosphere to prevent
material oxidation. A mass of 7.539 mg of E-glass/polyamide prepreg was sealed in an aluminum pan.
The material was heated from 25 °C to 350 °C at a rate of 10 °C/min.
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DMA was performed on [02/902]s laminates using a TA Instruments DMA Q800 according to ASTM
D4092. The dimensions of the specimens were 47 mm x 1.52 mm x 1.3 mm. The frequency of the tests
and the heating rate were set at 2 Hz and 2 °C/min, respectively.
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TMA tests were performed on [02/902]s specimens in compression mode using a TA Instruments
Q400. The dimensions of the specimens were 9 mm x 9 mm x 1.47 mm. The temperature of the specimen
was increased from room temperature to 110 °C at a rate of 1 °C/min.
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2.3 Mechanical Tensile Tests at Different Temperatures

Tensile tests were performed on [0]8 and [90]8 specimens at 23 °C, 50 °C, 80 °C and 100 °C, and on
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[02/902]s and [04/904] at the same temperatures as well as at 40 °C, using an MTS Criterion® Model 45
with a custom MTS environmental chamber at a displacement rate of 2 mm/min. Digital image
correlation (DIC) was used for capturing strain fields in the specimens during loading. Straight-sided
specimens were prepared for the tests based on ASTM D3039, and aluminum alloy end tabs were bonded
on both ends of the specimens. The geometry of the specimens and the dimensions are shown in Figure 1
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and Table 1.

2.4 Scanning and optical electron microscopy of fractured samples
Scanning electron microscopy (SEM) of fracture surfaces was carried out using a Zeiss Leo 1530

EP

microscope. Furthermore, optical microscopy was performed on mounted fractured samples using an
Olympus microscope equipped with a 5 MP camera. Samples with 22 mm length-wise section were cut
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from the middle of the specimens which were tested at 23 °C, 50 °C, 80 °C and 100 °C. The sections were
mounted and polished with sandpapers of 6 different grit sizes and also four different grades of alumina
powder suspension.

3. Results and discussion
3.1 Glass transition temperature comparison
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Figure 2 presents the DSC thermogram for E-glass/polyamide. It shows a maximum peak temperature of
230 °C which corresponds to the melting temperature of the matrix. There are two inflection points
representing possible glass transition temperatures at 42.8 °C and 75.8 °C, which can be referred to as the
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wet and dry Tg respectively. This is corroborated by Ref. [24] which states that humidity can decrease the
glass transition temperature noticeably.

From the DMA test, the storage modulus (E’), loss modulus (E”) and tan(δ) versus temperature curves are

SC

presented in Figure 3. The glass transition temperature can be interpreted as the inflection point in storage
modulus, the peak point in tan(δ) or loss modulus, the latter being the ASTM D4065 recommendation.

respectively.
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Based on the peak in loss modulus and tan(δ), the glass transition temperature is 63 °C and 67 °C,

From the TMA test as seen in Figure 4, the inflection point is nearly 61.7 °C, which represents the glass
transition temperature of the material.
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Results from the three methods presented produced a range of possible Tg values. Previous reported
studies generally accept glass transition temperature results evaluated from DMA as the most accurate,
thus the Tg for the E-glass/polyamide composite is reported in the range of 63–67 °C. Note that this value
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is similar to the value extracted using TMA tests.
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3.2 Unidirectional laminate tensile tests
3.2.1 [0]8 Laminates

Figure 5 presents tensile strength and tensile modulus versus temperature for [0]8 specimens. Figure
5(a) shows that the tensile strength decreases with increasing temperature, particularly between 50 °C and
100 °C. In this temperature range, two competing mechanisms contribute to the behavior observed. First,
the polyamide amorphous phase transitions from a solid state to a rubbery state and, second, the bonding
between the fiber and the matrix is weakened as the ambient temperature increases. The result of the
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former mechanism is shear failure of the polyamide matrix, as supported by a thin layer of polyamide
matrix observed on the surface of the fibers. For the latter mechanism, bare fibers can be observed after
specimen failure which confirms the weak interface between the fibers and the matrix. These findings are
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supported by SEM images of the fracture surfaces, shown in Figure 6 for [0]8 specimens at 23 °C, 50 °C
and 80 °C. In the [0]8 laminate, brittle matrix fracture is observed in specimens tested at 23 °C, while
plastic flow of the polyamide matrix and also more bare fibers are observed in specimens tested at 50 °C
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and 80 °C. In these cases, the matrix is malleable so the fracture is ductile and the weakened interface
between the fiber and the matrix causes more splitting cracks in longitudinal layers.
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Figure 5(b) shows that the Young’s modulus does not change between room temperature and 50 °C.
The insensitivity of the specimens’ stiffness within this range is due to the fact that both glass fibers and
polyamide are in a rigid state. As the temperature increases from 50 °C to 80 °C, the Young’s modulus
decreases by 16.4 %. Based on this sudden change in the Young’s modulus near the measured glass
transition temperature (i.e., 63–67 °C), this behaviour can be attributed to the transition of the amorphous
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phase of the semi-crystalline matrix from a rigid to a rubbery state. Between 80 °C to 100 °C, the
Young’s modulus did not change significantly. Beyond the glass transition temperature, the amorphous
phase of the thermoplastic matrix continues to soften but the crystalline phase is still rigid, and any further

EP

increase in temperature only increases the mobility of polyamide chains in the amorphous phase.
Furthermore, fiber-dominated behavior of [0]8 laminates prevents further decrease in Young’s modulus
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between 80 °C to 100 °C.

The rule of mixtures (ROM) was used to evaluate the Young’s modulus at different temperatures
using the matrix modulus corresponding to a particular temperature. As seen in Figure 5(b), the rule of
mixtures can predict the upper bound of the Young’s modulus at room temperature very well, however
this rule does not produce accurate predictions for Young’s modulus at higher temperatures and only
indicates that a drop occurs in the glass transition region. This is due to the assumption of perfect bonding
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in the rule of mixtures which is not true for thermoplastic composites at temperatures higher than room
temperature [25,26].
Figure 7 presents the representative stress-strain curves for [0]8 laminates tested at different temperatures.
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As seen in the figure, the strain to failure decreases as the temperature increases. The reason is that, as
temperature increases, the bonding between the fibers and the matrix weakens and glass/polyamide

interfacial toughness reduces, as was mentioned in Ref. [19], causing the number of splitting failure

SC

cracks to increase in spite of increased plasticity in the matrix. Furthermore, fibers in splitting sections
bear more load causing them to break sooner. As seen in Figure 7(b), the number of splitting cracks
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increase drastically between 80 °C and 100 °C.
3.2.2 [90]8 Laminates

Figure 8(a) presents the tensile strength versus temperature for neat polyamide [27] and
glass/polyamide [90]8 specimens. It is shown that polyamide’s strength decreases drastically between 40
°C and 80 °C and more gradually thereafter. However, in glass/polyamide [90]8 specimens, the trend is
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different as the curve shows a more gradual decrease between 40 °C and 80 °C, with the rate of this
decrease increased between 80 °C and 100 °C. This behavior was also observed for longitudinal
specimens within this temperature range, and can be attributed to weakening of the fiber-matrix interface
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bond with increasing temperature as well as softening of the matrix and corresponding plastic
deformation at 100 °C. Figure 9 presents the SEM images for failed [90]8 specimens at 23 °C, 50 °C, 80
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°C and 100 °C. As seen in the figure, debonding occurs at 23 °C, 50 °C and 80 °C but, at 100 °C, large
plastic deformation of the polyamide matrix is observed around the fibers. These observations again
validate the 17.2% and 40.4% strength reductions at 80 °C and 100 °C, respectively, compared to that
observed at 23 °C.

As seen in Figure 8(b), as temperature approaches 50 °C there is a 10% decrease in experimental
Young’s modulus. This reduction can be explained by the matrix dominance of this lamination, such that
any increase in temperature would increase molecular mobility. From 50 °C to 80 °C there is a sudden
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large decrease of 17.4 % in Young’s modulus which again supports the measured glass transition
temperature between 63 °C and 67 °C. Finally from 80 °C to 100 °C, there is 4.2 % decrease in the
Young’s modulus. In this temperature range, the amorphous phase of the matrix has been completely
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softened and any further increase in temperature would only increase the mobility of molecules in the
amorphous phase. It is clear that the overall temperature dependence of the laminate modulus is
analogous to that observed for the polyamide matrix (see Fig. 8(b)).

SC

The rule of mixtures was used for the prediction of the transverse Young’s modulus at different

temperatures. As seen in Figure 8(b), the Young’s modulus is 24 % lower in experiments than obtained
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by the rule of mixtures. This large difference can be because of the high Young’s modulus of polyamide
in [27] which is in the upper bound of the available data for polyamide Young’s modulus in the literature.
Another reason for this difference can be the weak bonding between the fibers and polyamide matrix so
that the matrix cannot transfer the load to the fibers.

As seen in Figure 10(a), the strain to failure increases between 23 °C and 80 °C as a result of matrix
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softening, but it decreases between 80 °C and 100 °C. At 100 °C, the matrix has a large plastic
deformation and, in contrast to the other three temperatures, there is no sudden drop in the stress-strain
curve. Instead, there is a gradual decrease in this curve after the ultimate strength point which is due to e

EP

necking of the polyamide matrix. As seen in Figure 10(b), there is a large plastic deformation in
polyamide matrix at this temperature that is shown by the fiber bridging between the two parts of the
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failed specimen. In fact, there are two competing failure mechanisms in transverse loading termed fibermatrix debonding and ductile failure of the matrix [28] in which the former occurs at 23 °C, 50 °C and 80
°C and the latter occurs at 100 °C.
3.3 Cross-ply laminate tensile tests
3.3.1 [02/902]s Laminates
Figure 11(a) presents the tensile strength versus temperature for [02/902]s specimens. The figure
shows a slight decrease from 23 °C to 40 °C, a 25 % decrease between 40 °C and 80 °C and, finally, a
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slight increase in strength between 80 °C and 100 °C. The conclusion is that the maximum decrease in the
strength is below the glass transition temperature.
It should be noted that this behaviour is in contrast to that observed with the [0]8 and [90]8 specimens.
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Degradation of the laminate strength at increasing ambient temperatures can be attributed to degradation
of the transverse ply strength up to 80 °C and, since the central transverse layer is thicker than the
individual on-axis layers, the effect on the laminate is more pronounced. Beyond 80 °C, plastic

SC

deformation of the matrix in the transverse layers is more severe and, although the on-axis layers exhibit
local matrix plastic deformation, the constraining effect of these layers on the transverse layers limits any
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further degradation of the laminate strength. This constraining effect imparted by the on-axis plies may
also act to mitigate crack initiation in the 90 layers at 100 °C. This result is quite remarkable from a
design perspective since, for a laminate, the strength degradation at temperatures greater than Tg, can be
mitigated for the E-glass/polyamide cross-ply laminate.

Fractography provides insight to better understand the behavior of the material at the tested
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temperatures in Figure 12. SEM images of the failed [02/902]s specimens show that at room temperature
the behavior of the polyamide matrix is brittle and chunks of polyamide matrix are adhered to the fiber
surface. At 40 °C, SEM images show generally brittle fracture, although plastic deformation of the
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polyamide matrix is observed locally at the tips of some fractured fibers and also in some debonded areas
(see figure 12(b)). At these stress concentration areas, an increase of 15 °C above room temperature
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causes local plastic deformation of the polyamide matrix, primarily observed in the matrix-dominated 90°
plies. At 50 °C, plastic deformation of the polyamide matrix is widely observed in the transverse layer,
and, at 80 °C, large plastic deformation of the matrix is seen both in longitudinal and transverse layers. As
with the other laminates, these images again corroborate the strength reductions that were observed at 50
°C and 80 °C.
To understand the effect of temperature on the material’s stiffness, the Young’s modulus of [02/902]s
specimens have been plotted versus temperature in Figure 11(b). As temperature increases from 23 °C to

ACCEPTED MANUSCRIPT

40 °C, a noticeable decrease of 17.1 % occurs in the Young’s modulus. However, between 40 °C to 50 °C
this reduction is only 6.3 %, and there is nearly no change between 50 °C to 100 °C. Modulus degradation
of the laminate up to 50 °C can be attributed to modulus degradation and inelastic deformation of the
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transverse layer due to local matrix softening, while no degradation is exhibited beyond this temperature
since the constraining effects from the on-axis plies become more prominent. Classical lamination theory
(CLT) was used to obtain Young’s modulus versus temperature for [02/902]s specimens. As seen in Figure
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11(b), CLT can accurately predict Young’s modulus at room temperature and above the glass transition
temperature (i.e. 80 °C and 100 °C), but it is inaccurate between 40 °C and 50 °C due to the modulus
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degradation and inelastic behaviour of the transverse layer. Using CLT again and ignoring the stiffness of
90 degree layers, the laminate stiffness is nearly the same as is obtained experimentally at these
temperatures. This implies that the 90 degree layers are not fully effective at these temperatures. This
discussion will be expanded in the next section for [04/904]s laminates.

The representative stress-strain curves for [02/902]s specimens tested at different temperatures are
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shown in Figure 13(a). As seen in Figure 13(a), the strain to failure decreases as the temperature increases
between 23 °C and 80 °C as a result of strength degradation of the transverse layer, however, it is constant
beyond 80 °C. As seen in Figure 13(b), the failure is brittle and localized especially at 23 °C, 50 °C and
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80 °C, however it is more ductile at 100 °C with drastically more splitting cracks at this temperature.
3.3.2 [04/904]s Laminates
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Figure 14(a) presents the tensile strength versus temperature for [04/904]s specimens. Between 23 °C
and 40 °C and between 40 °C to 50 °C there is, respectively, 10 % and 16.8 % decrease in tensile
strength, although the strength is nearly constant between 50 °C and 100 °C. These significant results are
analogous to those observed for the [02/902]s laminates where degradation of the transverse layer strength
up to 50 °C causes degradation of the laminate strength, beyond which constraining effects imparted by
the on-axis plies mitigates any further laminate strength degradation. It should be noted that, for the
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thicker cross-ply laminate, the influence of this constraining effect was observed starting at 50 °C, while
for the thinner cross-ply laminate starting at 80 °C (compare Figures 11 and 14).
Furthermore, by comparing the strength versus temperature for [02/902]s and [04/904]s laminates, it is
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evident that the strength in [04/904]s is lower than its corresponding value at the same testing temperature
in [02/902]s laminates. To better explain this behaviour, optical microscopy was performed on the

fractured samples. After measuring the transverse crack density, it was concluded that the crack density in
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90° ply was constant at the temperature range but different for the two cross ply laminates. It was nearly
0.545 (1/mm) for [04/904]s and 1.27 (1/mm) for [02/902]s, however, as seen in Figure 15(a) and 15(b), it is
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evident that crack opening is much higher in [04/904]s than in [02/902]s laminates. The crack opening in
cross ply laminates contributes to the stiffness reduction of transverse layers, thus transferring the load to
the longitudinal layers, initiating splitting cracks and finally failure of the laminate. To better explain the
function of observed 0° ply splitting cracks towards failure of [02/902]s and [04/904]s laminates, the failed
specimens were cut width-wise and were mounted and polished as described previously. Optical
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microscopy revealed that there were more splitting cracks in [02/902] compared to [04/904]s laminates,
however the splitting cracks in [04/904]s are more influential since they initiated earlier due to the higher
thickness of the transverse layers compared to [02/902]s laminates [29], and cause deeper cracks. These

EP

splitting cracks may grow along the specimen length when they are close to the specimen edges, resulting
in a separated part which will fail due to fiber fracture. Therefore, in contrast to [02/902]s specimens,
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[04/904]s specimens fail in a non-localized manner via splitting cracks that cause load drop (see 16(b))
and, as a result, the strain to failure for [04/904]s specimens is lower than corresponding [02/902]s
specimens (compare Figures 13 and 16).
Representative stress-strain curves for [04/904]s specimens at different temperatures are shown in
Figure 16(a). As seen in the figure, analogous to [02/902]s specimens, the strain to failure decreases as the
temperature increases except between 80 °C to 100 °C, where the strain increases slightly. This
observation again corroborates the effect of temperature on weakening of the fiber-matrix interface in
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longitudinal layers, which caused more splitting cracks at higher temperatures, and thus lower strains to
failure. This failure behavior is very similar to the failure of [0]8 specimens at different temperatures (see
Figure 7).
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Figure 14(b) illustrates Young’s modulus versus temperature for [04/904]s specimens. As seen in the
Figure, the trend in modulus degradation with temperature in [04/904]s specimens is analogous to that
observed in [02/902]s specimens. Between 23 °C to 40 °C and between 40 °C to 50 °C there is,
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respectively, a 33.1% and 10.6 % decrease in Young’s modulus. As a result, between 23 °C and 50 °C,
[04/904]s specimens have 1.5 times higher decrease in Young’s modulus than [02/902]s specimens which
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can be explained by twice higher thickness of 90 plies in [04/904]s laminate and higher effect of
temperature on these plies.

The Young’s modulus obtained using CLT was compared to that obtained at different temperatures in
the experiments. At room temperature and 50 °C, the experimental modulus is 13.4 % and 24.2 % lower
than the CLT modulus, respectively. At 80 °C and 100 °C the Young’s modulus is constant based on CLT
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and is comparable with the results obtained in the experiments.

To explain the large difference between the experimental results and the CLT predictions at 50 °C ,
the behavior of [0]8 and [90]8 at higher temperatures must be considered. As the temperature increases to
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50 °C, [90]8 laminates show non-linear behavior and the strain to failure of these laminates increases from
0.4 % at room temperature to 0.47 % at 50 °C (see Figure 10) while the crack initiation for cross-ply
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laminates is 0.75 % due to the constraining effects of longitudinal layers on transverse layers [23]. It can
be concluded that transverse layers show plastic deformation until 0.75 % strain, and thus computing the
Young’s modulus in [02/902]s and [04/904]s laminates based on the linear elastic modulus of [90]8
laminates while these layers are in plastic region is not accurate. Indeed, the modulus evaluation near the
glass transition temperature should be evaluated with more precise methods to account for non-linear
effects.

ACCEPTED MANUSCRIPT

4. Conclusions
The thermomechanical behavior of continuous E-glass/polyamide composites was investigated at
various temperatures below and above the glass transition temperature, which was measured to be in the

RI
PT

range of 63–67°C with various characterization techniques. Thermomechanical quasi-static tensile tests
were performed on [0]8, [90]8, [02/902]s and [04/904]s specimens using an environmental chamber mounted
in a servo-hydraulic test frame, and fractography was utilized to study the underlying failure mechanisms.
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The [0]8 and [90]8 laminates exhibited three reduction stages in Young’s modulus as a function of

temperature, where the largest reduction was in the glass transition region and mainly attributed to matrix
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softening. At the glass transition region, the amorphous phase of the semi-crystalline polyamide matrix
softens, and the ability of the matrix to transfer the load to the fibers decreased noticeably. The strength of
[0]8 and [90]8 laminates nearly constantly decreased with increasing temperature to 80 °C as a result of
weakening of the fiber-matrix bond, but decreases at a faster rate between 80 °C and 100 °C. This
decrease was explained by large plastic deformation of polyamide matrix at 100 °C for [90]8 laminates
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D

and large number of splitting cracks in [0]8 laminates at 100 °C due to reduced interface strength between
the glass fibers and the polyamide matrix. These finding were supported by SEM images and strain to
failure measurements of laminates tested at different temperatures.

EP

A different trend was observed for the [02/902]s and [04/904]s specimens, exhibiting the largest
reduction in both strength and modulus before the glass transition temperature (i.e., up to 50 °C). This

AC
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behavior was attributed to the degradation of transverse layers at temperatures near the glass transition
temperature, as confirmed by SEM imaging, and the pronounced influence on the laminate degradation
due to the thick transverse layers. Beyond 50 °C, the cross-ply laminates did not exhibit any strength or
modulus degradation as a result of the constraining effects of the longitudinal layers on transverse layers,
which mitigated further modulus degradation and delayed transverse cracking to higher strains, thus
mitigating further strength degradation. This result is quite remarkable from a design perspective since,
for the E-glass/polyamide cross-ply laminates studied, the strength and modulus degradation at
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temperatures greater than Tg can be mitigated. In particular, for structural applications where exposure to
elevated temperatures is unavoidable such as wind turbine blades, the use of a low cost high performance
E-glass/polyamide laminate can provide a suitable replacement for more conventional glass/epoxy

RI
PT

laminates.
In order to realize the replacement of glass/epoxy laminates with low cost recyclable glass/polyamide
laminates, further complimentary studies are required. In particular, different laminate layups and

SC

stacking sequences should be investigated to better understand the influence of temperature on laminate
strength and modulus degradation. The laminate strength and modulus degradation mitigation

M
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mechanisms at temperatures greater than the glass transition temperature, including ply softening and
constraining effects which have an apparent temperature dependency, must be investigated for other
laminates. Furthermore, the influence of temperature on the fatigue performance and progressive damage
evolution must also be studied in order to understand the damage tolerability of continuous glass/epoxy
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Figures
Figure 1. Representation of thermomechanical quasi-static tensile test.
Figure 2. DSC thermogram of E-glass/polyamide prepreg.
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Figure 3. DMA results for [02/902]s E-glass/polyamide laminates. a) E’ and tan(δ) versus temperature b)
E” versus temperature.
Figure 4. Linear coefficient of thermal expansion versus temperature from the TMA test.
Figure 5. a) Tensile strength and b) Young’s modulus versus temperature for [0]8 specimens.
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Figure 6. SEM images of fractured surfaces tested at a) 23°C, b) 50 °C and c) 80 °C for [0]8 laminates.
Figure 7. a) Quasi-static tensile stress-strain curves for [0]8 specimens tested at different temperatures b)
[0]8 failed specimens in thermomechanical quasi-static tensile loading c) splitting cracks.
Figure 8. a) Tensile strength and b) Young’s modulus versus temperature for [90]8 specimens.
Figure 9. SEM images of fracture surfaces tested at a) 23°C, b) 50 °C and c) 80 °C d) 100 °C for [90]8
laminates.
Figure 10. a) Stress-strain curves for [90]8 specimens tested at different temperatures b) Specimen failure
at 100 °C.
Figure 11. Tensile strength and Young’s modulus versus temperature for [02/902]s specimens.
Figure 12. SEM images of fractured surfaces of [02/902]s laminates tested at a) 23°C, b) 40 °C, c) 50 °C
and d) 80 °C.
Figure 13. a) Stress-strain curves for [02/902]s specimens tested at different temperatures b) Failed
[02/902] specimens.
Figure 14. a) Tensile strength and b) Young’s modulus versus temperature for [04/904]s specimens.
Figure 15. Transverse cracking and longitudinal splitting in [02/902]s and [04/904]s laminates. a)
Transverse cracking in [02/902]s laminates b) Transverse cracking in [04/904]s laminates c) longitudinal
splitting in [02/902]s laminates d) longitudinal splitting in [04/904]s laminates.
Figure 16. a) Stress-strain curves for [04/904]s specimens at different temperatures b) Failed [04/904]s
specimens.
Tables
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Table 1. Dimentions of the specimens used for quasi-static tensile tests.
L1

L2

W1

T1

T2

[0]8

110

20

15

1.4±0.1

1

[90]8

110

20

15, 20

1.4±0.1

1

[02/902]s

110

20

15

[04/904]s

110

20

15
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Lamination

1

2.9±0.1

1.5
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Chunk of polyamide matrix around glass fiber
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Resin shear failure
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Fiber-matrix debonding

b)

drastic plastic deformation
Polyamide matrix
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Plastic deformation of polyamide matrix
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Fiber-matrix debonding

d)
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The thermomechanical behavior of continuous E-glass/polyamide composites was investigated in
lamina and laminate level.
Glass transition temperature of the material was measured with DSC, TMA and DMA.
[0]8 and [90]8 laminates displayed three reduction stages in modulus versus temperature, where
the largest reduction was in the glass transition region.
[02/902]s and [04/904]s laminates displayed the largest modulus reduction prior to the glass
transition temperature.
Effects of temperature on material failure were investigated using optical and scanning electron
microscopy.
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