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Abstract
The effects of temperature on the static tensitebier of continuous E-glass/polyamide laminatesewe
studied in order to assess the feasibility of usivegmaterial system for structural applicationsiadial
tensile tests were conducted org[(90]s, [0./90,]s and [Q/90,]s laminates at multiple temperatures above
and below the glass transition temperature, whiak measured using different methods. Optical and
scanning electron microscopy were performed ondbied samples, and the effects of temperature on
failure modes were investigated. Thes[@hd [90} laminates displayed three reduction stages in nusdul
versus temperature, where the largest reductiorimiie glass transition region as a result of inleta
softening of the polyamide matrix, as confirmediagtographic analysis. However, the/f,]s and
[04/904]s laminates displayed the largest modulus redugti@r to the glass transition temperature with

little reduction beyond, which was attributed totrixasoftening coupled with in situ ply constraigin

effects.

Keywords: (Thermomechanical behavior; Continuous glassélgde; Fractography; Mechanical

properties)



1. Introduction

Continuous fiber-reinforced thermoplastic compasjiessess high toughness and recyclability and,
therefore, are gaining more attention in industryaa alternative to more conventional thermosetting
composites for primary structural applications. Biteless, a number of barriers must be overcome
before usage of these thermoplastic-based compdmtmmes widespread. For example, processing
continuous fiber-reinforced thermoplastics is avadling compared to their thermosetting counterparts
due to the higher processing temperatures reqamddigher melt viscosity. Also, some thermoplastic
such as polyamide are susceptible to extreme emaeatal conditions due to their relatively low glas
transition temperatures [1]. Under these conditions only are the mechanical properties notably
reduced due to the softening of the matrix, buffither/matrix interface integrity is also weakergd
temperature rise due to induced thermal stresseseday thermal expansion coefficient mismatctef t
constituents. Therefore, improved understandinfp@thermomechanical performance of continuous
fiber-reinforced thermoplastics is required.

A number of studies focused on assessing the imflueof fiber and matrix type as well as fiber
architecture on the performance of fiber-reinfortleermoplastic composites have been reported during
the past two decades. Huang et al. [2] investigtdtedeffect of temperature on two cross ply langsat
with the same fiber type, namely graphite/bismai@in{thermoset) and graphite/Avimid (thermoplastic)
They concluded that the fracture toughness wasehifgr the thermoplastic composite, which for both
material systems decreased with temperature. ¥ieil al. [3] examined the mechanical behavior of
guasi-isotropic woven carbon/epoxy and carbon/P&@posites at 120C, and concluded that the
ductility of carbon/PPS limited the notch stressaantrations at this temperature. Sorrentino ef4al.
studied the effect of temperature on flexural awd Velocity impact behavior of four thermoplastieN>
based composites with carbon, Tawaron, Vecteranbasdlt fibers, and found that basalt/PEN has the
best impact performance compared to the other tboeeposites. Celestine et al. [5] investigated the
effect of temperature on the mechanical properdfesarbon/polyamide composites with different fiber

architectures, including discontinuous, unidirecéib and woven composites, and concluded that



temperature has less effect on mechanical propeatialigned fibers. With respect to fiber lendRezaei

et al. [6] studied the effect of carbon fiber ldngnh the thermomechanical behavior and thermallisyab
of short carbon/PP composites via thermal gravimetnalysis (TGA), and concluded that increasing
fiber length increased the thermal stability of twnposite. In contrast to the aforementioned egjdi
Valentin et al. [7] studied the effect of temperaton the mechanical behavior of pure polyamidertsh
glass fiber-reinforced and continuous fiber-reinéat polyamide composites between 2@and 14C0C.
They found the effect of temperature more influsndin stress at rupture for continuous composites.

In addition, a number of recently reported studéa®al that temperature has distinct influence on
different mechanical properties [8—12]. For exam@abrion et al. [8] studied the stability and
thermomechanical behavior of unidirectional thertasfic carbon/polyimide composites. They observed
retention of the tensile and shear mechanical ptiegauntil 200°C, except for the interfacial shear
strength. Gibsoet al. [9] investigated the high temperature betranf thick woven glass/PP composites
under tensile and compressive loading and fourtg abhaigh temperaturesiechanical properties under
compression degraded more severely compared titetéreding. A number of studies have also
expressed the dependency of Young’s modulus aedgttr on temperature in mathematical
formulations. For example, Reis et al. [10] studisel effect of temperature and strain rate on the
behavior of woven glass/epoxy composites and fabedffect of temperature more influential on
Young's modulus than strength. Alcock et al. [IiMdstigated the effect of temperature on the stheng
and Young’s modulus of all-PP composites, whereaater curve was developed and Arrhenius relations
were used to extrapolate strength and Young's nusdidita for different temperatures. Hufenbach.et al
[12] examined the temperature effect on the meclahproperties of 3-D textile-reinforced and woven
glass/PP composites. They investigated damage Iy void growth at different temperatures fohbot
tensile and compressive loading from *@Dto 80°C.

Recently, polyamide 6 has attracted attentionastential alternative to thermosets for structural

composite materials [13]. Although low-cost polydmicomposites possess some key advantages, the



main drawback of this material is its low glassigiion temperature which may limit its applicatyili
[14]. Some studies have investigated the thermoarécal behavior of glass/polyamide composites,
most of which are limited to short fiber composit€s—16]. Launay et al. [15] investigated the efffeic
temperature and humidity on the mechanical behafishort glass fiber-reinforced polyamide
composites and suggested a law which considemsffibets of humidity and temperature on the material
behavior to be equivalent. Wang et al. [16] studiedeffect of temperature and strain rate onehsile
behavior of short E-glass/polyamide composites bothe extrusion direction and perpendicular ® th
extrusion direction. They established a strain aaig temperature-dependent model for the behafior o
the material in both directiongftekhari and Fatemi [17] examined the behaviadifierent short glass
fiber-reinforced thermoplastic composites includgigss/polyamide 6.6 under different environmental
conditions and different temperatures. They foulbitlanear reduction for strength and stiffness of
glass/Pa 6.6 at temperature range including glaaesition temperature.

Continuous E-glass/polyamide is considered a pialesust-effective substitute for high performance
thermoset composites such as E-glass/epoxy in tuiihe blades [18]. For these applications the
material can be exposed to different temperatugas or above the glass transition temperature,ahus
deeper understanding of the thermomechanical pediace is required in order to account for potential
reductions in its structural integrity. There arfew studies focused on assessing the effect qfeesture
on the mechanical behavior of continuous E-gla$gépaide composite laminates [5,19-23]. Pegoretti et
al. [19,20] studied the interfacial fracture toughs and also interfacial shear strength of glaksiny
microcomposites with different sizing of fiber sacé at different temperatures and concluded that
increasing temperature decreases the interfacighteess and interfacial shear strength noticeably.
Recently, Machado et al. [21] investigated therttmmechanical behavior of woven carbon/polyamide
and glass/polyamide composites using dynamic mécdlahermal analysis (DMTA) in tensile mode and
modeled the material’s viscoelastic behavior witbry series. Similarly, Ropers et al. [22] usedaiyit
mechanical analysis (DMA) and rheometry in bendiragle instead of conventional mechanical tests at

different temperatures to study the bending stifénef woven glass/polyamide and unidirectional



carbon/polyamide composites versus temperaturesy. Ii$ed linear Prony series and also a non-linear
model to express the viscoelastic behavior of theerial.

Although the work reported in the cited literathias significantly advanced the knowledge base for
thermoplastic composites, there is a lack of expental data and fundamental understanding of the
effect of temperature on the performance of cootirslglass/polyamide laminates, in particular their
tensile mechanical properties. Therefore, the fafuke current study is to assess the mechanical
properties of cost-effective continuous E-glass/palide laminates at various ambient temperatutes, a
both the lamina and laminate level. One of the myaials is to better understand the underlying

mechanisms influencing the mechanical performanceuquasi-static loading conditions.

2 Material and Experimental Details

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

E-glass/polyamide prepreg from Jonam Ltd. was @methe fabrication of [Q] [90]s, [0/90,]s and
[04/904]s laminates. A 30-ton Carver hot press was usethfrication of the panels with a maximum
processing temperature of 240 and consolidation pressure of 0.9 bar. The riegultber volume
fraction for the fabricated composites was appretéty 58%, with high quality and minimal void
formations [23].
2.2 Glass Transition Temperature Deter mination

The glass transition temperaturey)(®f the material was determined using three dffiermethods,
namely differential scanning calorimetry (DSC), dgmic mechanical analysis (DMA) and

thermomechanical analysis (TMA).

DSC was carried out using a Netzsch DSC 200 F3®aizder a nitrogen atmosphere to prevent
material oxidation. A mass of 7.539 mg of E-glask/amide prepreg was sealed in an aluminum pan.

The material was heated from 25 to 350°C at a rate of 10C/min.



DMA was performed on 90;]s laminates using a TA Instruments DMA Q800 accaydmASTM
D4092. The dimensions of the specimens were 47 ritbXmm x 1.3 mm. The frequency of the tests
and the heating rate were set at 2 Hz af@/fin, respectively.

TMA tests were performed onj00,]s specimens in compression mode using a TA Instrtsnen
Q400. The dimensions of the specimens were 9 mmmX 1.47 mm. The temperature of the specimen

was increased from room temperature to A @t a rate of 2C/min.

2.3 Mechanical Tensile Tests at Different Temperatures

Tensile tests were performed ong[@hd [90} specimens at 23C, 50°C, 80°C and 100°C, and on

[0./90,]s and [Q/90,] at the same temperatures as well as &C4Qsing an MTS CriteridhModel 45

with a custom MTS environmental chamber at a diggteent rate of 2 mm/min. Digital image

correlation (DIC) was used for capturing straind#ein the specimens during loading. Straight-sided
specimens were prepared for the tests based on AS30M39, and aluminum alloy end tabs were bonded
on both ends of the specimens. The geometry afgbeimens and the dimensions are shown in Figure 1
and Table 1.

2.4 Scanning and optical electron microscopy of fractured samples

Scanning electron microscopy (SEM) of fracture acet was carried out using a Zeiss Leo 1530
microscope. Furthermore, optical microscopy wasopered on mounted fractured samples using an
Olympus microscope equipped with a 5 MP camerapBasmwith 22 mm length-wise section were cut
from the middle of the specimens which were teatel3 °C, 50 °C, 80 °C and 100 °C. The sectiongwer
mounted and polished with sandpapers of 6 diffegeihtizes and also four different grades of ahani

powder suspension.

3. Results and discussion

3.1 Glasstransition temperature comparison



Figure 2 presents the DSC thermogram for E-glab&pude. It shows a maximum peak temperature of
230°C which corresponds to the melting temperaturdefatrix. There are two inflection points
representing possible glass transition temperaatré2.8°C and 75.8C, which can be referred to as the
wet and dry J respectively. This is corroborated by Ref. [24]Jathstates that humidity can decrease the

glass transition temperature noticeably.

From the DMA test, the storage modulus (E’), losxdmius (E”) and tar) versus temperature curves are
presented in Figure 3. The glass transition tentpeaan be interpreted as the inflection poirdtorage
modulus, the peak point in taf(or loss modulus, the latter being the ASTM D4@&Gommendation.
Based on the peak in loss modulus and3arife glass transition temperature is’63and 67°C,

respectively.

From the TMA test as seen in Figure 4, the infatoint is nearly 61.7C, which represents the glass

transition temperature of the material.

Results from the three methods presented producange of possible Tg values. Previous reported
studies generally accept glass transition temperasults evaluated from DMA as the most accurate,
thus the T for the E-glass/polyamide composite is reportethérange of 63—-67 °C. Note that this value

is similar to the value extracted using TMA tests.

3.2 Unidirectional laminate tensile tests
3.2.1[0]g Laminates

Figure 5 presents tensile strength and tensile tosdersus temperature for §{&pecimens. Figure
5(a) shows that the tensile strength decreasesnuitbasing temperature, particularly betweeriG@nd
100°C. In this temperature range, two competing medmsicontribute to the behavior observed. First,
the polyamide amorphous phase transitions fronlid siate to a rubbery state and, second, the bgndi

between the fiber and the matrix is weakened aarit@ent temperature increases. The result of the



former mechanism is shear failure of the polyanmdrix, as supported by a thin layer of polyamide
matrix observed on the surface of the fibers. Rerlatter mechanism, bare fibers can be observed af
specimen failure which confirms the weak interfaeéwveen the fibers and the matrix. These findimgs a
supported by SEM images of the fracture surfadesys in Figure 6 for [¢]specimens at 23, 50°C
and 80°C. In the [0} laminate, brittle matrix fracture is observed fiesimens tested at 28, while
plastic flow of the polyamide matrix and also mbege fibers are observed in specimens tested & 50
and 80°C. In these cases, the matrix is malleable sortt@ure is ductile and the weakened interface
between the fiber and the matrix causes moreisgglitracks in longitudinal layers.

Figure 5(b) shows that the Young’s modulus doeshahge between room temperature an8a0
The insensitivity of the specimens’ stiffness witllis range is due to the fact that both glasr§iand
polyamide are in a rigid state. As the temperaturesases from 50C to 80°C, the Young's modulus
decreases by 16.4 %. Based on this sudden chatige Yfoung’'s modulus near the measured glass
transition temperature (i.e., 63—67 °C), this bétavcan be attributed to the transition of the grhous
phase of the semi-crystalline matrix from a rigichtrubbery state. Between 8D to 100°C, the
Young's modulus did not change significantly. Begdhe glass transition temperature, the amorphous
phase of the thermoplastic matrix continues toesofftut the crystalline phase is still rigid, angt &urther
increase in temperature only increases the molafifyolyamide chains in the amorphous phase.
Furthermore, fiber-dominated behavior ofg[@minates prevents further decrease in Young’'sutusd
between 80C to 100°C.

The rule of mixtures (ROM) was used to evaluatetheng’s modulus at different temperatures
using the matrix modulus corresponding to a pddictemperature. As seen in Figure 5(b), the riile o
mixtures can predict the upper bound of the Youngdslulus at room temperature very well, however
this rule does not produce accurate prediction¥ éamg’s modulus at higher temperatures and only

indicates that a drop occurs in the glass tramsigion. This is due to the assumption of petfectding



in the rule of mixtures which is not true for thexphastic composites at temperatures higher tham roo
temperature [25,26].
Figure 7 presents the representative stress-stnawes for [0f laminates tested at different temperatures.
As seen in the figure, the strain to failure desesaas the temperature increases. The reason, iagha
temperature increases, the bonding between thes fédved the matrix weakens and glass/polyamide
interfacial toughness reduces, as was mentionBain[19], causing the number of splitting failure
cracks to increase in spite of increased plastinithe matrix. Furthermore, fibers in splittingcgens
bear more load causing them to break sooner. Asiadeigure 7(b), the number of splitting cracks
increase drastically between 8D and 100C.
3.2.2[90]g Laminates

Figure 8(a) presents the tensile strength versnpdeature for neat polyamide [27] and
glass/polyamide [9@]specimens. It is shown that polyamide’s strengitrelses drastically between 40
°C and 8C¢°C and more gradually thereafter. However, in gasdgamide [90] specimens, the trend is
different as the curve shows a more gradual deereetsveen 40C and 8C°C, with the rate of this
decrease increased betweerf@tand 100°C. This behavior was also observed for longitudinal
specimens within this temperature range, and cathbuted to weakening of the fiber-matrix intsaé
bond with increasing temperature as well as safteof the matrix and corresponding plastic
deformation at 100 °C. Figure 9 presents the SE&yEs for failed [9Q]specimens at 23C, 50°C, 80
°C and 100C. As seen in the figure, debonding occurs a&t@30°C and 8C°C but, at 100C, large
plastic deformation of the polyamide matrix is alveel around the fibers. These observations again
validate the 17.2% and 40.4% strength reductio®® &C and 100 °C, respectively, compared to that
observed at 23 °C.

As seen in Figure 8(b), as temperature approadh&s there is a 10% decrease in experimental
Young's modulus. This reduction can be explainedhgymatrix dominance of this lamination, such that

any increase in temperature would increase moleoubbility. From 50°C to 80°C there is a sudden



large decrease of 17.4 % in Young's modulus whidirasupports the measured glass transition
temperature between 8@ and 67°C. Finally from 80°C to 100°C, there is 4.2 % decrease in the
Young's modulus. In this temperature range, therphmus phase of the matrix has been completely
softened and any further increase in temperaturddaanly increase the mobility of molecules in the
amorphous phase. It is clear that the overall teatpee dependence of the laminate modulus is
analogous to that observed for the polyamide méter Fig. 8(b)).

The rule of mixtures was used for the predictiotheftransverse Young’s modulus at different
temperatures. As seen in Figure 8(b), the Youngidutus is 24 % lower in experiments than obtained
by the rule of mixtures. This large difference t@nbecause of the high Young's modulus of polyamide
in [27] which is in the upper bound of the avaitabhta for polyamide Young's modulus in the literat
Another reason for this difference can be the weaiding between the fibers and polyamide matrix so
that the matrix cannot transfer the load to therib

As seen in Figure 10(a), the strain to failure éases between 28 and 8C°C as a result of matrix
softening, but it decreases betweerf@Gand 100C. At 100°C, the matrix has a large plastic
deformation and, in contrast to the other threeptettures, there is no sudden drop in the streaisrst
curve. Instead, there is a gradual decrease ircting after the ultimate strength point whichis do e
necking of the polyamide matrix. As seen in Figld¢b), there is a large plastic deformation in
polyamide matrix at this temperature that is shbwithe fiber bridging between the two parts of the
failed specimen. In fact, there are two competailyife mechanisms in transverse loading termead-fibe
matrix debonding and ductile failure of the maf@l8] in which the former occurs at 2@, 50°C and 80
°C and the latter occurs at 100.

3.3 Cross-ply laminatetensile tests

3.3.1[0,/90,]s Laminates

Figure 11(a) presents the tensile strength veesuaperature for [90,]s specimens. The figure

shows a slight decrease from Z3to 40°C, a 25 % decrease between°@0and 8C°C and, finally, a



slight increase in strength between®@0and 100C. The conclusion is that the maximum decreaskdn t
strength is below the glass transition temperature.

It should be noted that this behaviour is in casitta that observed with the fGInd [90} specimens.
Degradation of the laminate strength at increaaimgient temperatures can be attributed to degmadati
of the transverse ply strength up to 80 °C andiesthe central transverse layer is thicker than the
individual on-axis layers, the effect on the lantn@ more pronounced. Beyond 80 °C, plastic
deformation of the matrix in the transverse laysmsore severe and, although the on-axis layeribigxh
local matrix plastic deformation, the constraineftgct of these layers on the transverse layerissliamy
further degradation of the laminate strength. Thisstraining effect imparted by the on-axis pliesym
also act to mitigate crack initiation in the 90day at 100 °C. This result is quite remarkable feom
design perspective since, for a laminate, the gthedegradation at temperatures greater thacah be
mitigated for the E-glass/polyamide cross-ply laabén

Fractography provides insight to better understanehavior of the material at the tested
temperatures in Figure 12. SEM images of the fdil@®0,]sspecimens show that at room temperature
the behavior of the polyamide matrix is brittle ainks of polyamide matrix are adhered to therfibe
surface. At 40C, SEM images show generally brittle fracture, @ligfh plastic deformation of the
polyamide matrix is observed locally at the tipsofne fractured fibers and also in some debond=asar
(see figure 12(b)). At these stress concentratieasa an increase of & above room temperature
causes local plastic deformation of the polyamidérix, primarily observed in the matrix-dominate@f9
plies. At 50°C, plastic deformation of the polyamide matrix isl@ty observed in the transverse layer,
and, at 8C0C, large plastic deformation of the matrix is sbeth in longitudinal and transverse layers. As
with the other laminates, these images again coraté the strength reductions that were observé@ at
°C and 80 °C.

To understand the effect of temperature on the maditestiffness, the Young’s modulus of,{90,]s

specimens have been plotted versus temperatuiguneFL1(b). As temperature increases froniQ3o



40°C, a noticeable decrease of 17.1 % occurs in thaeny's modulus. However, between 4Dto 50°C
this reduction is only 6.3 %, and there is neadychange between 5C to 100°C. Modulus degradation
of the laminate up to 50 °C can be attributed talohgs degradation and inelastic deformation of the
transverse layer due to local matrix softening,levhb degradation is exhibited beyond this tempieeat
since the constraining effects from the on-axispbecome more prominent. Classical laminationrtheo
(CLT) was used to obtain Young's modulus versugptenature for [@90,]s specimens. As seen in Figure
11(b), CLT can accurately predict Young's modulusbam temperature and above the glass transition
temperature (i.e. 8%C and 100°C), but it is inaccurate between 20 and 5C°C due to the modulus
degradation and inelastic behaviour of the trarsa/éayer. Using CLT again and ignoring the stiffnes
90 degree layers, the laminate stiffness is n¢lhdysame as is obtained experimentally at these
temperatures. This implies that the 90 degree $agmr not fully effective at these temperaturess Th
discussion will be expanded in the next sectiorjdgB0,]s laminates.

The representative stress-strain curves fgB(B]s specimens tested at different temperatures are
shown in Figure 13(a). As seen in Figure 13(a)sth&n to failure decreases as the temperaturedses
between 23C and 8C°C as a result of strength degradation of the trens@dayer, however, it is constant
beyond 8C°C. As seen in Figure 13(b), the failure is britthed localized especially at 2@, 50°C and

80°C, however it is more ductile at 10C with drastically more splitting cracks at thisnggerature.

3.3.2[04/904]s Laminates

Figure 14(a) presents the tensile strength veesuperature for [#90,]s specimens. Between 268
and 40°C and between 40C to 50°C there is, respectively, 10 % and 16.8 % decrizatamsile
strength, although the strength is nearly consiatween 50C and 100C. These significant results are
analogous to those observed for th#9@;]s laminates where degradation of the transverse Egength
up to 50 °C causes degradation of the laminatagtine beyond which constraining effects imparted by

the on-axis plies mitigates any further laminaterggth degradation. It should be noted that, fer th



thicker cross-ply laminate, the influence of thimstraining effect was observed starting at 50n7ale
for the thinner cross-ply laminate starting at 80(€ompare Figures 11 and 14).

Furthermore, by comparing the strength versus tesye for [Q/90;]sand [Q/90,]s laminates, it is
evident that the strength ins/00s]sis lower than its corresponding value at the saatng temperature
in [0./90,]s laminates. To better explain this behaviour, @bticicroscopy was performed on the
fractured samples. After measuring the transvamsekalensity, it was concluded that the crack dgmsi
90° ply was constant at the temperature range bugrdifit for the two cross ply laminates. It was nearl
0.545 (1/mm) for [@904]s and 1.27 (1/mm) for f090,]s, however, as seen in Figure 15(a) and 15(b), it is
evident that crack opening is much higher i#90,]s than in [@/90,]s laminates. The crack opening in
cross ply laminates contributes to the stiffneslsicdon of transverse layers, thus transferringahe to
the longitudinal layers, initiating splitting cracknd finally failure of the laminate. To bettepkn the
function of observed 0° ply splitting cracks towafdilure of [@/90,]s and [0/90,]s laminates, the failed
specimens were cut width-wise and were mountedatished as described previously. Optical
microscopy revealed that there were more splittiagks in [@/90,] compared to [#90,]s laminates,
however the splitting cracks inf00,]sare more influential since they initiated earlieedo the higher
thickness of the transverse layers compared 834 laminates [29], and cause deeper cracks. These
splitting cracks may grow along the specimen lengikn they are close to the specimen edges, magulti
in a separated part which will fail due to fibeadture. Therefore, in contrast to/f,]s specimens,
[04/904]s specimens fail in a non-localized manner via Spiitcracks that cause load drop (see 16(b))
and, as a result, the strain to failure faf904]s specimens is lower than corresponding9qQ]s
specimens (compare Figures 13 and 16).

Representative stress-strain curves fgt9[l]s specimens at different temperatures are shown in
Figure 16(a). As seen in the figure, analogou®#8(;]s specimens, the strain to failure decreases as the
temperature increases except betweefBtb 100°C, where the strain increases slightly. This

observation again corroborates the effect of teatpes on weakening of the fiber-matrix interface in



longitudinal layers, which caused more splittingais at higher temperatures, and thus lower sttains
failure. This failure behavior is very similar toet failure of [0} specimens at different temperatures (see
Figure 7).

Figure 14(b) illustrates Young's modulus versusgerature for [/90,]s specimens. As seen in the
Figure, the trend in modulus degradation with terapee in [Q/904]s specimens is analogous to that
observed in [@90,]s specimens. Between 28 to 40°C and between 4TC to 50°C there is,
respectively, a 33.1% and 10.6 % decrease in Yeumgdulus. As a result, between°Z3and 50°C,
[04/904]s specimens have 1.5 times higher decrease in Yeungdulus than PR0;]s specimens which
can be explained by twice higher thickness of 9spgh [Q/90,]s laminate and higher effect of
temperature on these plies.

The Young’s modulus obtained using CLT was compé&rdtat obtained at different temperatures in
the experiments. At room temperature and®G0the experimental modulus is 13.4 % and 24.2Weto
than the CLT modulus, respectively. At 80 and 100C the Young’'s modulus is constant based on CLT
and is comparable with the results obtained irettperiments.

To explain the large difference between the expenial results and the CLT predictions at’60,
the behavior of [Q]and [90} at higher temperatures must be considered. Aethperature increases to
50°C, [90k laminates show non-linear behavior and the stafailure of these laminates increases from
0.4 % at room temperature to 0.47 % af6(see Figure 10) while the crack initiation fooss-ply
laminates is 0.75 % due to the constraining effettengitudinal layers on transverse layers [23¢an
be concluded that transverse layers show plastizrdation until 0.75 % strain, and thus computing t
Young's modulus in [#90,]s and [0/904]s laminates based on the linear elastic modulu9@jg [
laminates while these layers are in plastic reggarot accurate. Indeed, the modulus evaluation thea
glass transition temperature should be evaluatddmore precise methods to account for non-linear

effects.



4. Conclusions

The thermomechanical behavior of continuous E-¢pasgamide composites was investigated at
various temperatures below and above the glassitimantemperature, which was measured to be in the
range of 63—67°C with various characterization mégpes. Thermomechanical quasi-static tensile tests
were performed on [@][90]s, [0/90,]s and [Q/90,]s Specimens using an environmental chamber mounted
in a servo-hydraulic test frame, and fractograplg wtilized to study the underlying failure meclsars.
The [0kand [90} laminates exhibited three reduction stages in Y&umgdulus as a function of
temperature, where the largest reduction was igldees transition region and mainly attributed tatnix
softening. At the glass transition region, the grhous phase of the semi-crystalline polyamide matri
softens, and the ability of the matrix to trandfex load to the fibers decreased noticeably. Titemgth of
[0]sand [90} laminates nearly constantly decreased with incngasimperature to 8 as a result of
weakening of the fiber-matrix bond, but decreasesfaster rate between 80 and 100°C. This
decrease was explained by large plastic deformafigolyamide matrix at 108C for [90k laminates
and large number of splitting cracks ingl@iminates at 100C due to reduced interface strength between
the glass fibers and the polyamide matrix. Thasdirig were supported by SEM images and strain to
failure measurements of laminates tested at diffdmmperatures.

A different trend was observed for the/fD;]s and [Q/90,]s specimens, exhibiting the largest
reduction in both strength and modulus before thesgransition temperature (i.e., up to 50 °C)sTh
behavior was attributed to the degradation of rarse layers at temperatures near the glass tmnsit
temperature, as confirmed by SEM imaging, and tbaqunced influence on the laminate degradation
due to the thick transverse layers. Beyond 50R€ ctoss-ply laminates did not exhibit any streragth
modulus degradation as a result of the constraieffegts of the longitudinal layers on transveesets,
which mitigated further modulus degradation andgedl transverse cracking to higher strains, thus
mitigating further strength degradation. This re@ifuite remarkable from a design perspectiveesin

for the E-glass/polyamide cross-ply laminates stddihe strength and modulus degradation at



temperatures greater thapcan be mitigated. In particular, for structuraplgations where exposure to
elevated temperatures is unavoidable such as wibthe blades, the use of a low cost high perforeaan
E-glass/polyamide laminate can provide a suitadgdacement for more conventional glass/epoxy
laminates.

In order to realize the replacement of glass/epamjnates with low cost recyclable glass/polyamide
laminates, further complimentary studies are regliim particular, different laminate layups and
stacking sequences should be investigated to hettlrstand the influence of temperature on larainat
strength and modulus degradation. The laminategtiieand modulus degradation mitigation
mechanisms at temperatures greater than the gsstion temperature, including ply softening and
constraining effects which have an apparent teniperaependency, must be investigated for other
laminates. Furthermore, the influence of tempeeatur the fatigue performance and progressive damage
evolution must also be studied in order to undaecdstae damage tolerability of continuous glass/gpox

laminates.
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Figures
Figure 1. Representation of thermomechanical quasi-statkileetest.

Figure 2. DSC thermogram of E-glass/polyamide prepreg.

Figure 3. DMA results for [Q/90,]s E-glass/polyamide laminates. a) E’ and &mersus temperature b)
E” versus temperature.
Figure4. Linear coefficient of thermal expansion versus terafure from the TMA test.

Figureb. a) Tensile strength and b) Young’s modulus vetsogperature for [Q]specimens.

Figure 6. SEM images of fractured surfaces tested at & 28) 50°C and c¢) 80C for [0]s laminates.
Figure 7. a) Quasi-static tensilstress-strain curves for f3pecimens tested at different temperatures b)
[0]g failed specimens in thermomechanical quasi-statisile loading c) splitting cracks.

Figure8. a) Tensile strength and b) Young’s modulus vetsogperature for [9@]specimens.

Figure 9. SEM images of fracture surfaces tested at & 28) 50°C and c) 8C°C d) 100°C for [90k
laminates.

Figure 10. a) Stress-strain curves for [98pecimens tested at different temperatures b) Seecfailure

at 100°C.

Figure 11. Tensile strength and Young’s modulus versus teatper for [0/90,]s specimens.

Figure 12. SEM images of fractured surfaces of/fl,]s laminates tested at a) Z3 b) 40°C, c) 50°C
and d) 8C°C.

Figure 13. a) Stress-strain curves for,[80,]s specimens tested at different temperatures b) draile
[0./90,] specimens.

Figure 14. a) Tensile strength and b) Young’s modulus vetsogperature for [§904]s specimens.

Figure 15. Transverse cracking and longitudinal splitting i®/90,]s and [Q/90,s laminates. a)
Transverse cracking in J®0,]s laminates b) Transverse cracking in/9Q,]s laminates c) longitudinal
splitting in [0/90,]s laminates d) longitudinal splitting in #@0,]s laminates.

Figure 16. a) Stress-strain curves for,80,]s specimens at different temperatures b) Faileg®B(0)s
specimens.

Tables



Table 1. Dimentions of the specimens used for quasi-statisile tests.

Laminatior Ly L, W, T, T
[0]s 11C 20 15 1.4+0.1 1
[90]s 11C 20 15, 1.4+0.1 1
[02/90]s 11C 20 15 1.4+0.] 1
[04/90,]s 11C 20 15 2.9+0.] 1.
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Highlights

»  Thethermomechanical behavior of continuous E-glass/polyamide composites wasinvestigated in
laminaand laminate level.

» Glasstransition temperature of the material was measured with DSC, TMA and DMA.

» [0]g and [90]glaminates displayed three reduction stages in modul us versus temperature, where
the largest reduction was in the glass transition region.

*  [02/90,]s and [04/90,]s laminates displayed the largest modulus reduction prior to the glass
transition temperature.

» Effects of temperature on materia failure were investigated using optical and scanning electron
microscopy.



