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ABSTRACT 

Could thermoplastic-based composites be used to replace thermosetting-based 

composites in high-temperature secondary aircraft structures ? The purpose of this work 

is to establish the ability of a material system to be used in aircraft engine nacelles when 

subjected to static loadings, with a key upper temperature of 120°C. In order to provide 

answers to this question, the thermo-mechanical behaviors of carbon fiber fabric 

reinforced PPS or epoxy laminates have been compared specifically within the 

temperature change with 120°C at the upper bound. The temperature-dependent ductile 

behavior of laminates is more or less exacerbated, depending on polymers’ glass 

transition temperature, and laminates’ stacking sequence. For both materials, the degree 

of retention of tensile mechanical properties is quite high in notched and unnotched 

quasi-isotropic laminates. A Digital Image Correlation technique has been used in order 

to understand the influence of temperature and matrix ductility on the mechanisms of 

overstresses accommodation near the hole. In fabric reinforced laminates, the high-

temperature results suggest a competition between the mechanisms of damage, and the 

mechanism of plasticization, enhanced in angle-ply lay-ups. Thus, the highly ductile 

behavior of TP-based laminates, at temperatures higher than their Tg, is very effective to 

accommodate the overstresses near the hole. 

 

Keywords: A. Fabrics – A. PMCs – B. High-temperature properties – C. Notch 
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1. INTRODUCTION 

Thermosetting (TS) resin-based composite materials have been extensively used over 

the past 40 years. Even though they display a high degree of mechanical properties 

retention at high temperature, they also present undeniable drawbacks, such as the need 

for low-temperature storage, a hard-to-control reticulation process, a very long curing 

process, and handmade draping, which causes most of the irreversible defects of the 

manufacturing process. High-performance thermoplastic (TP) resins, such as 

polyetheretherketone (PEEK) and polyphenylenesulfide (PPS), offer a promising 

alternative to TS resins such as epoxies: high degree of chemical resistance, excellent 

damage and impact resistance, and they may be used over a wide range of temperatures. 

Unlike TS resins, TP resins may be melted down after they are formed, thus providing 

recycling possibilities and different manufacturing. However, TP composites are more 

difficult to repair than conventional TS composites, and high-performance TP are more 

expensive. PPS resin is very thermally stable, it has fire retardant properties, it can 

attain a high degree of crystallinity (almost 60%) and it is cheaper than PEEK resin [1]. 

The basic idea of this work is to find out whether it is possible to replace thermosetting-

based composites used in nacelles of plane’s engines or not. The service temperature of 

these nacelles, that usually consist of C/Epoxy laminates, is 120°C. The question was 

therefore to evaluate how detrimental such a degree of temperature can be on the 

behavior of PPS-based laminates compared to epoxy-based laminates. The physical 

properties (Crystallinity rate and glass transition temperature Tg) of TS and TP resins 

are closely associated with the mechanical behavior of PMCs under high temperatures 

[2]. An overview of environment effects on performances of PMCs (TS and TP) is 

proposed in [3]. Around their Tg, the nonlinear behavior of fiber-reinforced polymer 

composites becomes significant, especially under off-axis loading conditions. This 

nonlinear response, associated with the shear deformation of the polymer matrix along 

reinforcing fibers, is enhanced at high temperature depending on the matrix viscoplastic 



  

-3 
 

nature [4-9]. Very few studies have investigated the high-temperature behavior of PPS-

based laminates [10-14] or woven-ply epoxy laminates [15-17].  

The fact of joining composites to other structures using mechanical fasteners (bolts or 

rivets) makes it necessary to drill laminates, which damages both fibers and matrix in 

the area around the hole. But notches have a significant impact on the growth of 

damaged zones and on the mechanical properties of laminates. The notch sensitivity, 

defined by the ratio of laminates’ notched and unnotched ultimate strengths, depends on 

its ability to accommodate overstresses near the hole. This ability,  associated with 

matrix ductility,  implies specific damage mechanisms for TP- and TS-based laminates. 

A good review about the hole sensitivity of TS-based UD laminates is proposed in [18], 

and a few studies have reported the tensile behavior of notched C/TP (PEEK or PPS) 

laminates [19-23]. C/PEEK TP composite laminates are more sensitive to the presence 

of holes than TS laminates. A large amounts of damage have been observed in notched 

TS composite specimens because of a brittle matrix. Such extensive damages have not 

been observed in C/PEEK notched laminates because of a much more ductile matrix. In 

lay-ups with a large percentage of 0° plies, the presence of larger damage zones at 

notches in C/epoxy, compared to C/PEEK, permits a reduction of the stress 

concentration leading to a higher failure load [24]. Most of the attention has been 

focused on UD ply laminates even though fabric laminates tend to be more resistant to 

splitting and delamination than similar UD laminates [25]. The occurrence of splitting 

in UD laminates is facilitated by the low strength in the transverse direction, while 

delamination can occur due to both Poisson's ratio and shear coupling mismatch. In 

balanced fabric laminates, 45° plies are self-balanced and delamination due to shear 

coupling mismatch is limited. However, both woven-ply and UD-ply C/epoxy exhibit 

similar notch sensitivity [26]. The effects of matrix ductility (TS and TP) on 

unnotched/notched carbon woven-ply laminates has been studied in [27]: the failure 
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mechanisms of C/epoxy laminates are exclusively governed by the progressive 

delamination from notch tips, while no appreciable effects are observed on the notch tip 

fracture of C/TP laminates. To the authors’ knowledge, most of the studies on the 

behavior of notched/unnotched polymer-based composites (TS or TP) have dealt with 

tests at room temperature. There are no significant results about the high temperature 

behavior of high-performance TP-based laminates. There is no reference about the 

plastic accommodation of overstresses, specifically observed in angle-ply notched 

laminates subjected to tensile loadings.  

 

2. MATERIAL AND METHODS 

2.1 Materials 

The composite materials studied in this work are carbon fabric reinforced  PPS [11] or 

epoxy prepreg laminate plates. The toughened PPS resin (Fortron 0214) and the epoxy 

resin (914) are respectively supplied by the Ticona and by Hexcel. The woven-ply 

prepreg , supplied by SOFICAR, consists of 5-harness satin weave carbon fiber fabrics 

(T300 3K 5HS). The volume fraction of fibers is 50% in C/PPS and C/epoxy laminates. 

The prepreg plates are hot pressed according to two lay-ups: [0/45/0/45/0/45/0] and 

[45]7. Even though the number of effective plies is higher in 0°/90° plies than in  45° 

plies , the fabric being balanced in warp and weft directions, the first lay-up can almost 

be considered Quasi-Isotropic (Q-I), and is suitable for applications in aircraft engine 

nacelles. In Angle-Ply (A-P) laminates [45]7, each ply consists of fibers oriented at +45° 

(warp direction), and at -45° (weft direction). Even though an A-P lay-up is not suitable 

for use in aircraft structures, it allows the authors to investigate specifically the plastic 

accommodation mechanism in order to understand the specific contribution of TP 

matrix to the high-temperature behavior of high-performance TP-based laminates. 

 

2.2 Method 
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All the quasi-static tests were performed using a 100 kN capacity load cell of an MTS 

810 servo-hydraulic testing machine at room moisture. The temperature control system 

(oven and temperature controller), provided a stable temperature environment during 

the test. Tensile tests were conducted on notched and unnotched laminates with two 

stacking sequences. Their mechanical properties were determined according to the EN 

6035 (Tensile - Open hole tensile tests) and EN 6031 (In-plane shear test) standards. 

Strains are evaluated from an extensometer and V denotes constant crosshead speed (in 

mm/min) applied to the specimen during displacement-controlled tests. Four specimens 

were tested in each configuration (See Fig. 1). The mechanical properties were averaged 

from these values  (See Tab. 3 and Tab. 5). The average thickness of specimens is about 

2.22mm in C/PPS, and about 2.08mm in C/epoxy.  

In  accordance with the previous standards, the longitudinal and shearing modulus were 

calculated from the following definitions : 

 

 
Where  is the difference in the applied tensile loads at  and . 

 S is the specimen cross section. 

 represents the shearing distortion. 

 (Difference in the longitudinal strains) and  (Difference in 

the transversal strain) are calculated from the values given by strain gages 

located along X and Y axis (See Fig. 1). 

 

3. RESULTS  

A Differential Scanning Calorimetry performed by the CRISMAT laboratory on C/PPS 

gave Tg=98°C and a cristallinity rate equal to 30%, and Tg=190°C for C/Epoxy. Tensile 

tests have been performed in the direction along the 0° axis. The modulus and strength 

in warp and weft directions are assumed to be equal (See Tab. 1). For balanced woven 

fabrics, it is reasonable to admit such an equality for different composite systems [28]. 
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However, such an assumption also depends on the geometry of textile fabric (satin or 

plain weave). Indeed, it is only verified when the crimp ratio, which represents the 

undulation of weft fiber bundles over warp fiber bundles, is low e.g. for satin weave 

fabric[17]. In this latter case, the equality of the elastic properties has been observed 

experimentally in balanced 5-harness satin weave carbon fiber fabrics reinforced epoxy 

laminates [15][29]. In a work dealing with the laminate mechanics for balanced woven 

fabrics [30], Akkerman showed that this assumption is also verified in balanced 5-

harness satin weave carbon fiber fabrics reinforced PPS laminates. 

 

3.1 Tensile tests on unnotched laminates 

In Q-I laminates, according to the CLT (Classical Laminate Theory) calculations, the 

load carried by 0° plies (57% of the plies) represents 73% of the total load. Thus, the 

laminate response is mainly dominated by the behavior of 0° fibers resulting in a 

temperature-independent behavior in C/Epoxy and C/PPS laminates (See Fig. 2a and 

2b). The dotted line corresponds to the slope at the origin of the curve. It represents a 

purely elastic response, and emphasizes a behavior characterized by a very low degree 

of non-linearity. Load/unload tensile tests performed on C/Epoxy laminates (See Fig. 

3a) show that, even at 95% of the load at failure, the longitudinal modulus of the 

laminate is still very high in comparison with its initial value at both temperatures (See 

Tab. 2a). It suggests that this slightly non-linear behavior is not associated with the 

gradual failure of 0° oriented fibers during loading, but with a localized plastic behavior 

of  45° oriented plies. However, such a behavior is limited by the 0° plies and plasticity 

cannot develop. At 120°C, the ductile behavior of the plain PPS resin is enhanced, but 

the laminate response being mainly fiber-dominated, then the laminate behavior is not 

significantly influenced by the matrix response at high temperature (See Fig. 4a). For 

design requirements, it appears that the tensile properties of  Q-I C/epoxy laminates are 

greater than C/PPS ones (see Tab. 3). This is amplified as temperature increases around 
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the Tg  of  C/PPS composites.  In A-P laminates, the matrix-dominated response results 

in a elastic-ductile behavior  (See Fig. 5a and 5b) in both composite systems. From a 

general standpoint, the in-plane shear properties (modulus and strength) are higher in 

C/Epoxy than in C/PPS laminates (Tab. 3). Load-unload tensile tests performed on A-P 

C/Epoxy laminates show a gradual decrease of material’s longitudinal modulus (See 

Fig.4b ) as well as residual strain (See Tab. 2b). These observations highlight two 

simultaneous mechanisms (damage and plasticization) that will be discussed in the next 

section. Contrary to the Q-I lay-up, the highly ductile behavior of PPS can be observed 

in A-P lay-ups (See Fig. 4a), more particularly at 120°C because the test temperature is 

higher than its Tg. Thus, the shear modulus decreases more in C/PPS (-67% ) than in 

C/Epoxy laminates (-21%). Both materials have virtually the same strength at both 

temperatures, but the elongation at failure is a lot more significant in C/PPS laminates 

(+420% at RT and +367% at 120°C). The CLT and the Tsai-Hill failure criterion gives 

the failure strengths with an acceptable relative change (See Tab. 4). 

The in-plane shear stress–strain response of both materials consists of different regimes. 

The initial one is elastic. It is followed by a non-linear region which began with the 

onset of matrix plastic deformation, and which was fully developed at shear strains of 3-

6% in C/epoxy and 17–27% in C/PPS. The stress borne by the composite increased 

linearly until failure afterwards, as the displacement compatibility between matrix and 

fibers led to the progressive rotation of the latter with the applied shear strain and 

increased the axial stresses borne by the fibers [31]. In epoxy-based laminates, the low 

ductile behavior of epoxy matrix does not allow the fibers to rotate a lot (About 5° at 

RT and 7° at 120°C - See Fig. 6). The development of interface fracture significantly 

modified the in-plane shear behavior as it hindered the load transfer between matrix and 

fibers and precipitated fracture by the coalescence of interface cracks. The observation 

of the fracture surface indicates that the specimen failure is associated with the onset of 
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a shearing band oriented at 45° (See Fig. 6) in reference to the loading direction [32]. In 

the case of PPS-based laminates, the highly ductile behavior of PPS matrix limits the 

development of interface fracture, and promotes the rotation (About 17° at RT and 26° 

at 120°C - See Fig. 6). Such mechanisms cause necking that is clearly observable on the 

C/PPS stress-strain curves, as well as on the failed specimens. Necking comes along 

with an important delamination. The magnitude of the maximum rotation of fibers 

bundles can be evaluated in unnotched laminates at both temperatures (See Fig. 6). Such 

an assessment of fibers rotation rests on the observation of the fibers at the specimen 

surface. It is therefore not very accurate in comparison to the evaluation of the rotation 

and the progressive development of damage done by optical microscopy [31]. 

According to the conclusions done in [16][17] for woven-ply composites, and 

depending on matrix nature, cracks appear within fiber bundles and in the area where 

the weft fibers undulate over warp fibers. It results in the splitting of the initially 

perpendicular weft and warp fibers bundles.  

 

3.2Tensile tests on notched laminates 

The hole factor  represents the hole sensitivity of the laminate ultimate strength.  It is 

defined by  where   and 

 are respectively the notched and unnotched ultimate 

stresses, t and w being the thickness and width of the specimens.  From these 

definitions, the tensile responses can be compared for both materials at both 

temperatures (Fig. 2 and Fig. 5). In Q-I laminates, temperature influences very little 

both strength and stiffness of both materials (See Tab. 5). The hole factor increases very 

little bit showing that hole sensitivity is almost temperature-independent in fiber-

dominated laminates. Thus, a service temperature equal to 120°C is not significantly 

detrimental for the tensile behavior of notched laminates with a Q-I lay-up. In A-P 
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laminates, the ductile behavior of the polymer matrix is more or less enhanced at high 

temperature depending on the matrix. It contributes to adversely affect the mechanical 

properties of both materials. However, they become less hole-sensitive as temperature 

increases (See Tab. 5). C/PPS is less resistant (about -20%) than C/Epoxy, and 

elongation at failure in C/PPS is much more pronounced than in C/Epoxy. 

 

4. DISCUSSION 

Knowledge of the extent of strains at stress concentrators like holes is important in 

engineering design because it is associated with the magnitude of the localized stresses 

at the discontinuity, and hence the notched strength of the structure. In order to study 

the influence of temperature and matrix ductility on the mechanisms of overstresses 

accommodation near the hole, a Digital Image Correlation technique has been used. It 

gives qualitative and quantitative information about strains fields. The following 

discussion is based on the damage mechanisms in woven-ply notched  laminates 

reported in [21][25][27] at RT, as well as under high-temperature [8][16][30]. 

 

4.1 Digital Image Correlation technique for strain field measurements 

Full-field measurement techniques using Digital Image Correlation are an effective 

method in investigating the behavior of heterogeneous materials such as composite 

structures. This technique is of great interest for the detection of damage zones, and for 

quantifying their increase, particularly, in high gradients zones. Strains fields around 

holes can be measured by DIC or optical systems using laser speckle pattern method 

[24][34-35]. The ability of DIC to measure full-field in-plane surface deformations at 

high temperatures was evaluated in [36]. The DIC technique consists in painting the 

sample white, and then in sputtering black paint on the surface of the sample in order to 

get a painting with different grey value patterns. When a displacement is applied to the 

sample, a Region Of Interest around the hole is filmed with a CCD video camera, whose 
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resolution is 659*493 pixels, and which is equipped with a zoom lens. DIC is based on 

the  comparison of specimen’s images  acquired at 10Hz by the software Visionstage. 

Two images are chosen at two specific strain states : before the test starts and just before 

failure. The correlation software VIC2D tracks blocks of pixels in order to measure 

surface displacement and build up full field 2D strain maps. The hole being a singularity 

at the surface of the specimen, the blocks of pixels located on the notch boundary 

cannot be used for calculating the strain field. Thus, the offset in the hole’s radius 

represents the area where the calculation is not possible. The strain maps built gives the 

in-plane Green-Lagrange strain field. The local accuracy of these values depends on 

many parameters : fineness and density of the sputtered black painting on the white 

surface, the grid step, the pattern size and the heterogeneity of laminates. The use of a 

DIC technique at high temperature requires to film the specimen through a porthole’ 

glass, making necessary to avoid catch lights on the porthole’s glass that might be 

detrimental for the accuracy of calculated strain fields. For each lay-up, the comparison 

of strain components EYY (Y being the loading axis) at both temperatures reflects the 

influence of matrix ductility on the mechanisms of overstresses accommodation near the 

hole via changes in overstrains fields. The overstrain coefficient can be defined as the 

ratio of the maximum strain near the hole over the strain applied to the specimen.  

 

4.2 Quasi-isotropic laminates 

In woven-ply C/Epoxy laminates, notch-tip blunting (splitting) is known to reduce the 

stress concentration effect of the notch, and then to limit the laminate’s hole sensitivity 

in Q-I laminates [19][20]. Contrary to UD-ply laminates [33][34], there is no clear sign 

of delamination in woven-ply C/Epoxy laminates [27], where 45° plies are self-

balanced, and delamination due to shear coupling mismatch is limited. In such 

materials, transverse and longitudinal cracks appear early during tensile tests. They 

extend fast and widely around the hole, whereas in C/TP laminates, damage and plastic 
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strains remain localized in the hole vicinity [8][10]. According to X-ray observations 

[34], splitting appears later and is less extended than in C/Epoxy, resulting in a higher 

notch sensitivity of C/TP [27][33-35]. In the present work, Figure 3b shows that the 

residual strains after unloading are very small (less than 0.07%) in notched laminates for 

both materials. It suggests that plasticity cannot develop in the 45° plies of in Q-I 

laminates, even at 120°C when the polymer matrix ductile behavior becomes more 

significant. When the 0° fibers break, the load is transferred transversely to the adjacent 

fibers that progressively fail until final failure of laminates.  Thus, the fracture surfaces 

is characterized by a transverse failure mode (See Fig. 11).  

In C/Epoxy laminates, fracture surfaces are similar across the range of test temperatures. 

At RT, the profile of the fracture surface is typical of brittle fracture with almost no bare 

fibers and no hackles (See Fig. 11a), and almost no delamination as the edge views of 

failed notched specimens can suggest it (See Fig. 12a). At 120°C, grooves can be 

clearly observed in the fracture area between plies what means fracture is dominated by 

matrix cleavage (See Fig. 11b). The tensile responses and fracture surfaces of Q-I 

C/Epoxy laminates suggest that damage mechanisms do not seem to change 

significantly as temperature increases. It results in very similar longitudinal strain fields 

at both temperatures (See Fig. 7).  Observation of stress-strain curves suggests a 

catastrophic failure of notched specimens as in the unnotched case (See Fig. 2).  

Observations of fracture surface in C/PPS laminates show bare fibers in hackles 

configuration (See Fig. 11a), confirming the relatively weak fiber/matrix bond that was 

observed in unnotched laminates [13]. At 120°C, as the number of bare fibers has 

increased, it is reasonable to conclude that interfacial bond has degraded and interfacial 

failure has become extensive (See Fig. 11b), resulting in some delamination visible on 

the edge views of failed notched specimens (See Fig. 12a). Thus, the longitudinal strain 

fields are different at RT and 120°C (See Fig. 8).  
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In Q-I laminates, the strain concentration increases significantly with increasing 

temperature for both materials (See Tab. 6), but in the meantime, the hole factor slightly 

increases (See Tab. 5).  It suggests that the effect of notch is locally enhanced by the 

increase in temperature whereas the notch sensitivity (being the reverse of the hole 

factor) slightly decreases for both materials. On the one hand, the ductile behavior of 

both matrix systems is enhanced at 120°C, but the matrix behavior is limited by the Q-I 

lay-up. On the other hand, the strength of the fiber/matrix bond and the interlaminar 

shear strength decrease as temperature increases. It results in a little more extended 

damage near the hole (splitting) which is combined with a more extended plastic 

behavior at high temperature. It explains why the strain concentration increases with 

temperature. From the overstresses accommodation standpoint, these mechanisms 

contribute to a little release of stresses in the bundles of fibers near the damaged 

/plasticized area. Thus, the hole sensitivity slightly decreases, but the C/PPS mechanism 

associated to the ductile nature of PPS is slightly less effective than C/Epoxy one. 

 

4.3 Angle-ply laminates 

The tendency is different from the one observed in the Q-I laminates because the 

mechanical behavior of A-P laminates is mainly matrix-dominated. Consequently, they 

are less hole-sensitive, more particularly at 120°C (See Tab. 3 and 5). The ability of the 

matrix to transmit load to fibers becomes impaired at high temperature, but plasticity is 

more or less exacerbated depending on the matrix nature. While matrix undergoes a 

plastic deformation along the  45° oriented fibers, these fibers tend to rotate (See 

Section 3.1) . Because of the undulation of weft fibers over warp fiber bundles, weft 

fibers are overstressed and fail first, resulting in failure surfaces oriented along the warp 

direction.  Even though matrix ductility has an impact on stresses distribution around 

the hole through a plasticity mechanism, it is not the only mechanism for 
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accommodating overstresses. In C/PPS laminates, cracks along 45° fibers and some 

fiber/matrix debonding can be observed in the 45° direction to the hole as well as 

delamination (See Fig. 12b). The longitudinal strain fields are very different at both 

temperatures (See Fig. 10), because plasticity is prominent in PPS-based laminates 

along the 45° oriented fibers. It finally results in a lower strain concentration near the 

hole as temperature increases (See Tab. 6). It also suggests that there is competition 

between the mechanism of damage and the mechanism of plasticization enhanced by a 

temperature increase. Such mechanisms contribute to release the stresses near the hole, 

hence a better notch sensitivity at high temperature. In C/Epoxy laminates, the tensile 

responses (See Fig. 2b) show that the ductile behavior is slightly enhanced at 120°C 

what contributes to moderate changes in damage mechanisms as temperature increases. 

The longitudinal strain fields are very similar at both temperatures (See Fig. 9), and the 

overstrain coefficients are virtually the same (See Tab. 6). The observations of failure 

surfaces show interfacial debonding in warp and weft directions (stairs profile) along 

the 45° direction, and some delamination (See Fig. 12b). These mechanisms combined 

with a larger plastic deformation along the  45° oriented fibers cause the increase of 

C/Epoxy laminates’ hole factor with increasing temperature. Still considering the 

detrimental effect of a temperature increase on the strength of the matrix, of the 

fiber/matrix bond and interlaminar shear strength, damage appears earlier than at RT. 

Both mechanisms (plasticization and damage) counter act, resulting in virtually the 

same strain concentration. Thus, the hole sensitivity is almost temperature-independent 

in A-P epoxy-based laminates. Lastly, these mechanisms are very effective because the 

ultimate notched strength is equal to 82% of the unnotched laminate’s strength.  The 

prominent plastic accommodation observed at high temperature in notched C/PPS 

laminates remains less effective than C/Epoxy one, due to less degree of stress relieving 

damage formation around the notch. 
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5. CONCLUSION 

Changes in the mechanical behavior of notched/unnotched laminates were investigated 

in carbon fabric reinforced  PPS and epoxy laminates between RT and 120°C. 

Considering the results of the present study, PPS-based composites can be used to 

replace epoxy-based composites in high-temperature secondary aircraft structures 

subjected to static loadings.  Despite the maximum test temperature (120°C) is higher 

than its Tg (98°C), the degree of retention of mechanical properties at elevated 

temperature is very high in both notched and unnotched C/PPS laminates with a Q-I lay-

up. Far from epoxy’s Tg, a high temperature has also very little influence on both 

notched and unnotched tensile properties of C/Epoxy laminates. In A-P laminates, 

changes in mechanical properties and failure mechanisms are significant in both 

materials even though the epoxy matrix ductility at 120°C is less significant than the 

PPS matrix one. From the overstrain coefficient, it is possible to evaluate the efficiency 

of the plastic accommodation mechanism to limit overstresses near the hole. It is salient 

that a temperature increase has a positive impact on the hole sensitivity of both 

materials (+34% in C/PPS and +9% in C/Epoxy laminates). The issue of TS vs TP 

composites was first addressed 20 years ago, and since then, it is known that the ability 

of a material to accommodate overstresses near the hole at RT is less effective in C/TP 

than in C/Epoxy laminates, due to less degree of stress relieving damage formation 

around the notch. At high temperature, the contribution to knowledge base from this 

work rests on the emphasis of plastic accommodation mechanisms near the hole in both 

warp and weft directions. Such mechanisms are specific to woven-ply TP-based 

laminates at temperatures higher than their Tg, when the TP matrix behavior becomes 

highly ductile. These mechanisms are effective to release overstresses resulting in lower 

hole-sensitivity. At last, it is still necessary to investigate the long-term behavior of both 

notched/unnotched woven-ply laminates over the same range of temperature, before 
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such materials can actually be considered for applications in aircraft engine nacelles. A 

further work will deal with these issues in order to understand how the specific 

accommodation mechanisms near the hole and the corresponding damage accumulation 

change over time due to environmental factors and cyclic (or creep) loading. 
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Figure captions 

 

Fig. 1 – Geometry of tensile specimens: (a) notched – (b) unnotched 

Fig. 2 – Tensile vs open hole tensile tests at both temperatures on Q-I laminates: (a) 

C/PPS - (b) C/Epoxy 

Fig. 3 – Load/unload tensile tests on Q-I laminates: (a) unnotched C/Epoxy - (b) 

notched C/Epoxy and C/PPS at 120°C 

Fig. 4 – Comparison of mechanical responses: (a) Q-I and A-P C/PPS laminates vs plain 

PPS resin - (b) Load/unload tensile tests on A-P C/Epoxy laminates 

Fig. 5 – Tensile vs open hole tensile tests at both temperatures on A-P laminates:  

(a) C/PPS - (b) C/epoxy 

Fig. 6 – Rotation of fibers bundles for both materials: (a) RT - (b) 120°C 

Fig. 7 – Quasi-isotropic C/Epoxy laminates at RT and 120°C. Comparison of failed 

specimens (transverse failure in weft direction) and corresponding Green-Lagrange 

longitudinal (warp direction =y) strain fields obtained by Digital Image Correlation: the 

longitudinal overstrain near the hole increases with temperature (+40%) 

Fig. 8 – Quasi-isotropic C/PPS laminates at RT and 120°C. Comparison of failed 

specimens (transverse failure in weft direction) and corresponding longitudinal (warp 

direction = y) strain fields obtained by Digital Image Correlation: the longitudinal 

overstrain near the hole increases a lot with temperature (+158%) 

Fig. 9 – Angle-ply C/Epoxy laminates at RT and 120°C. Comparison of failed 

specimens (shearing band along the warp direction) and corresponding longitudinal 

strains fields obtained by Digital Image Correlation: the longitudinal overstrain near the 

hole is virtually the same at both temperatures (+6%) 

Fig. 10 – Angle-ply C/PPS laminates at RT and 120°C. Comparison of failed specimens 

(failure along warp and weft directions at RT - failure along warp direction at 120°C) 

and corresponding longitudinal strains fields obtained by Digital Image Correlation: the 

longitudinal overstrain near the hole decreases a lot with temperature (-52%) due to 

extended plastic deformation along the  45° oriented fibers 

Fig. 11 – Quasi-isotropic notched failed specimens:  

(a) Side macro views of fracture surfaces highlight the transverse failure mode – (b) 

Alternative views showing the specific fracture mechanisms in each material 

Fig. 12 – Edge views of notched failed specimens: (a) quasi-isotropic – (b) angle-ply 
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 C/Epoxy C/PPS 
 (GPa) 63.3 56.5 
(GPa) 63.3 56.5 
(GPa) 5.29 4.08 
 0.04 0.04 

 (MPa) 690 700 
 (MPa) 690 700 
 (MPa) 116 115 

 
Tab. 1 – RT mechanical properties of [0]7 laminates 

 
 
 
 
 
 
 
 
 

(a) (b) 
 

 50% 75% 90% 95% 
RT 99.6 99.5 99.2 99  

(%) 120°C 99.9 99.1 96.4 96.3 
RT 0.011 0.027 0.051 0.06  

(%) 120°C 0.038 0.079 0.122 0.155 

 
 

 90% 95% 97%
  (%) 82 75 62 

 (%) 1.26 1.96 2.77
 
 

 
Tab. 2 – Changes in modulus and residual strain of C/Epoxy for different levels of the 

load at failure: (a) Q-I laminates at RT and 120°C – (b) A-P laminates at 120°C 
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C/PPS  C/Epoxy  (%)  
 

Q-I Angle-
ply Q-I Angle-

ply Q-I Angle-
ply 

Modulus (GPa) 

41.39-
41.58-
42.19-
42.65: 
41.95 

3.96-4.02-
4.15-4.19: 

4.08 

44.67-
44.82-
45.56-
45.84: 
45.22 

5.11-5.18-
5.39-5.47: 

5.29 
-8 -23 

(MPa) 
504-512-  
517-523:     

514 

224-227- 
235-237:  

231 

522-528- 
538-541:   

532 

222-233-
236-238: 

232 
-3   

RT 

 (%) 
1.32-1.34-
1.36-1.37: 

1.35 

16.59-16.72-
16.82-16.91: 

16.76 

1.21-1.24-
1.24-1.26: 

1.24 

3.17-3.19-
3.24-3.28: 

3.22 
+5 +420 

Modulus (GPa) 

40.18-
40.29-
40.68-
40.81: 
40.49 

1.29-1.33-
1.38-1.4: 

1.35 

42.48-
43.05-
43.76-
43.86: 
43.29 

4.11-4.14-
4.24-4.28: 

4.19 
-6 -68 

(MPa) 
464-472- 
475-478:  

472 

155-15-   
160-164:      

159 

497-502- 
507-515:   

505 

166-169-
180-185: 

175 
-6 -10 

120°C 

 (%) 
1.24-1.6-
1.31-1.32: 

1.28 

27.03-27.22-
27.45-27.65: 

27.34 

1.24-1.26-
1.31-1.32: 

1.28 

5.73-5.79-
5.89-5.98: 

5.85 
+8 +367 

Modulus (GPa) -3 -67 -4 -21 
(MPa) -8 -31 -5 -25 

Influence  
of temp. 

(%)  (%) 

 

-5 +63 +3 +82 

 

 
 

Tab. 3 – Tensile mechanical properties (individual test values and average) at both 
temperatures for both materials: quasi-isotropic and angle-ply laminates 

 
 
 
 
 
 
 
 
 
 

  (MPa)  (MPa) R.C. (%) 
 Q-I [45]7 Q-I [45]7 Q-I [45]7 

C/Epoxy 482 229 532 232 -9.4 -1.3 
C/PPS 527 249 514 231 +2.2 +7.8 

 
Tab. 4 – Calculated vs experimental failure strengths: quasi-isotropic and angle-ply 

laminates 
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C/PPS  C/Epoxy  (%)  

 
Q-I Angle-

ply Q-I Angle-
ply Q-I Angle-

ply 

 (MPa) 
246-251- 
258-264:   

255 

124-125- 
137-138: 

131 

269-273- 
276-287:   

276 

172-172-
173-183: 

175 
-8 -25 

Ch 0.5 0.57 0.52 0.75 -4 -24 RT 

 (%) 
0.61-0.63-
0.65-0.66: 

0.64 

3.24-3.26-
3.31-3.35: 

3.29 

0.61-0.62-
0.65-0.65: 

0.63 

1.68-1.71-
1.72-1.77: 

1.72 
+2 +91 

 (MPa) 
237-244- 
249-259:    

247 

115-119- 
123-127:  

121 

281-291- 
295-302:  

292 

139-140-
145-152: 

144 
-18 -16 

Ch 0.52 0.76 0.58 0.82 -11 -7 120°C 

 (%) 
0.64-0.65-
0.66-0.69: 

0.66 

11.05-11.11-
11.17-11.24: 

11.14 

0.68-0.71-
0.72-0.73: 

0.71 

2.4-2.42-
2.43-2.51: 

2.44 
-5 +356 

 (MPa) -3 -8 +6 -18 
Ch +4.0 +34 +11 +9 

Influence of 
temperature 

(%)  (%) 

 

+3 +238 +3 +38 

 

 
Tab. 5 – Open-hole tensile mechanical properties (individual test values and average) at 

both temperatures for both materials: quasi-isotropic and angle-ply laminates 
 
 
 
 
 
 
 
 

  C/PPS  C/Epoxy 
  Q-I Angle-

ply Q-I Angle-
ply 

 (%) 0.64 3.29 0.63 1.72 
Max. overstrain (%) 0.9 14.25 1.07 5.75 RT 
Overstrain coefficient 1.41 4.33 1.70 3.34 

 (%) 0.66 11.14 0.71 2.44 
Max. overstrain (%) 2.4 23.3 1.66 8.65 120°C 
Overstrain coefficient 3.64 2.09 2.37 3.54 

Influence of temperature on the 
overstrain coef. (%) +158 -52 +40 +6 

 
 

Tab. 6 – Changes in overstrain coefficients for both materials 
 
 


