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Abstract8

Recent research has been devoted to thin laminates as a result of aeronautic industries shifting to9

thinner and lighter structures. In an attempt to improve the out-of-plane response and reduce man-10

ufacturing costs considerably, airplane manufacturers are exploring (apart from unidirectional tapes)11

textile fabrics of different fabric architectures. Within the framework of thin laminates, this paper in-12

vestigates the impact and compression after impact (CAI) of two types of aerospace graded spread-tow13

fabrics, namely non-crimp fabrics and woven fabrics, where stitching and weaving, respectively, govern14

the architecture. The study also comprises two different ply thicknesses (thin and intermediate ply15

grades) for both fabrics. Experimental results reveal that while woven fabrics display higher damage16

resistance, non-crimp fabrics ensure higher damage tolerance. The intermediate ply grade performed17

better than thin plies in terms of damage resistance and CAI strength for both fabrics, as thin ply18

non-crimp fabric laminates exhibited early and extensive fibre damage.19

Keywords: Non-crimp fabrics, Woven fabrics, Impact behaviour, Damage tolerance, Thin laminates20

1. Introduction21

In an attempt to go even lighter, aircraft industries are now considering how to reduce the thickness22

of many aircraft parts, such as wing and fuselage skins, to less than 2 mm. The threat posed by low23

velocity impact loads on these thin structures, accompanied by the change in the stress states and24

damage modes could be critical when compared to standard thick laminates [1; 2].25

In the quest to improve the out-of-plane response, many concepts such as laminate design [3–5],26

interleaving [6], ply hybridization [2; 7], and the use of textile fabric composites have been explored [8].27

Textile fabrics differ from uni-directional (UD) tapes in that the fibre tows are either woven, knitted,28

braided or stitched together in an attempt to enhance the mechanical performance and/or economic29

feasibility. Along with the efforts to reduce the structural weight of aircraft, the aeronautic industry30
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is also working on cutting back manufacturing costs and, as such, fabric composites have been an31

excellent substitute for UD tapes, thanks to their faster deposition rates and reduced labour time [9].32

Out of the different reinforcement architectures, non-crimp fabrics (where UD layers are stitched)33

and woven fabrics (where UD tows are woven) have gained increasing attention in aerospace industries,34

mainly due to the improvement they offer over UD tapes in terms of higher interlaminar strength,35

better out-of-plane response and a considerable reduction in manufacturing costs [9; 10]. As textile36

composites have evolved, standard ply grade woven fabrics provided a substitute for UD prepreg tapes,37

with their main advantage being the increased toughness from the woven architecture and the reduced38

manufacturing costs related to the faster lay-up. Nevertheless, these same fabrics caused a reduction in39

in-plane properties as a result of their wavy fibres [11], thus non-crimp fabrics provided the solution. In40

non-crimp fabrics, the UD layers are stitched, therefore not only eliminating the problem of waviness,41

but also offering the economic feasibility of faster lay-up. Despite this, non-crimp fabrics exhibited42

local resin rich areas and fibre waviness around the stitch that impaired the compressive properties43

[12]. Another step forward was to employ thin plies (using spread tow technology) with woven fabrics44

which reduce considerably waviness and the magnitude of resin rich areas [13]. Despite the advances45

in textile composites, not many studies report on the effect the architecture of the fabric has on impact46

and post-impact responses, especially when used with thin laminates.47

Vallons et al. [14] compared the interlaminar fracture toughness and impact damage resistance48

of carbon non-crimp fabrics and twill weave composite fabrics. The study employed different ply49

grade thicknesses (270 gsm for non-crimp fabrics and 190 gsm for woven) with (on average) 2.1 mm50

thick laminates. The woven fabrics exhibited higher fracture toughness and higher damage resistance51

compared to the non-crimp fabrics. Sanchez et al. [15] worked with thin laminates and compared the52

compression after impact (CAI) strength of woven fabrics with that of quasi-isotropic UD plies (both53

made out of thick plies) for laminate thicknesses ranging between 1.6 to 2.2 mm. Results evidenced54

that, compared to UD tapes, woven fabrics have a higher CAI strength, resulting from the increased55

interlaminar fracture toughness of woven fabrics. It is worth noting that both of these studies used56

non-standard specimen dimensions.57

In the case of out-of-plane loading, thin plies have exhibited higher damage resistance and CAI58

strength, when used with thick laminates [16; 17]. Arteiro et al. [13] conducted an extensive experimen-59

tal campaign to study the effect of spread tow fabric thickness on various structural properties. Thin60

woven fabrics, when compared with thick woven fabrics, exhibited a higher unnotched compression61

strength, an improved in-plane shear response and exhibited higher compressive resistance in off-axis62

compression tests. Similarly [18–20] with non-crimp fabrics, studies demonstrated the higher damage63

capability thin fabric plies have over thick ones in terms of structural performance. Meanwhile, Garcia64

et al. [21] studied the effect fabric thickness has on impact and CAI strength using non-crimp fabrics65
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and demonstrating the sequence of failure events. Thin and standard ply grades were used with 2.1566

mm laminates, and thin plies were reported to exhibit lower load carrying capability and lower CAI67

strength for a 14 J maximum impact energy level.68

This paper is the result of a research project led by Airbus, in collaboration with the research centres69

INEGI (University of Porto, Portugal), UDRI (University of Dayton Research Institute, USA) and70

AMADE (University of Girona, Spain). We performed an experimental campaign on thin laminates71

using two types of aerospace grade fabrics, namely woven fabrics and non-crimp fabrics. In order72

to determine only the effect of the reinforcement architecture, both fabrics used in the study were73

made using the same fibre-resin material system. Additionally, for each fabric type we considered two74

different ply grades: thin and intermediate. Hence, this study reports the effects fabric architecture75

and ply thickness have on the impact and CAI response of thin composite laminates. The experimental76

campaign included impact and CAI tests to evaluate damage resistance and tolerance. Quasi-static77

indentation tests followed by C-scan damage inspection were also performed to study and compare the78

sequence of damage events.79

2. Experimental methods80

2.1. Material, fabric architecture and laminates81

Two types of fabrics, namely spread-tow woven fabrics (WF) and spread-tow non-crimp fabrics82

(NCF), were processed at the University of Dayton Research Institute (UDRI) using carbon fibre83

T700 pre-impregnated with HexPlyR© M21 resin. Note that, to provide a proper comparison between84

the two types of fabrics, both fabrics were made using the same fibre-resin material system. WF85

are produced using a plain weave textile process where the weft fibre tows go over and under the86

warp tows, resulting in an interlaced woven fabric. Plain weave represents the weaving pattern where87

the weft tows cross over the warp tows continuously. While WF use weaving as the form of fabric88

architecture, NCF utilize a secondary stitching yarn that holds the fibre tows of different orientations89

together, forming a blanket. A bi-angle NCF is used in this study where two differently oriented fibre90

tows are stacked together like UD plies, and stitched together using a polyester yarn. Note that the91

sole purpose of the stitch is to permit a faster layup and is not intended to take structural loads.92

Fig. 1 presents a schematic projected representation of both types of fabrics and also the macro93

photos of the fabric laminates used in this study. We used NCF bi-axial layers of [0◦/45◦] and [0◦/-94

45◦] whereas the WF comes in [0◦/90◦] fabric layers. Other fabric layer orientations can be obtained95

through rotation and flipping. Note that the mismatch angle within the fabric layer is 45◦ and 90◦ for96

NCF and WF, respectively.97

[Figure 1 about here.]98
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In regards to the ply thickness study, two different areal weights per fabric layer were used. For99

NCF these were 268 gsm and 134 gsm and for WF 240 gsm and 160 gsm. As both fabrics are bi-axial,100

the ply thickness corresponds to half of the fabric tow thickness, namely 0.134 and 0.067 mm for NCF101

and 0.12 mm and 0.08 mm for WF, accounting for the intermediate and thin ply grades, respectively.102

From here on, the four laminates used throughout the study will be referred to as NCF-Int, NCF-Thin,103

WF-Int and WF-Thin. The laminates and their stacking sequences are illustrated in Fig. 2, while Table104

1 details the laminates, their stacking sequences, ply and laminate thicknesses. All four laminates are105

not quasi-isotropic, and NCF-Int utilises non-conventional [22.5◦/-22.5◦] NCF fabric blankets obtained106

by rotating the standard blanket layer. Since the study utilizes different fabric materials and different107

ply thicknesses, the approach followed to obtain similar in-plane and flexural responses in the different108

laminates consists on pursuing the closest equivalent bending stiffness parameter (D*, proposed by109

Olsson [22], which is a function of the bending stiffness matrix coefficients) as possible. The D* values110

of NCF-Int, NCF-Thin, WF-Int and WF-Thin are 18.6, 18.9, 21.5 and 25.9 respectively. (Note that111

the nominal laminate thickness of woven fabrics is higher than the non-crimp fabrics which resulted in112

the higher D* values for the woven fabrics.) Figs. 3(a) and (b) present the polar plot of the in-plane113

and bending stiffness, respectively, for all four laminates.114

[Figure 2 about here.]115

[Table 1 about here.]116

[Figure 3 about here.]117

2.2. Impact energy definition118

While both NCF laminates have the same laminate thicknesses, WF-Thin laminates displayed a119

higher measured laminate thickness compared to WF-Int (1.82 mm over 1.66 mm). However, when120

impacted at the same absolute impact energy, this might lead to misleading conclusions as a thicker121

laminate has an advantage over a thinner laminate. To avoid this bias, we defined two absolute and122

two normalized impact energies, where the normalization was performed with respect to the laminate123

thickness (as also suggested in ASTM D7136/D7136M-15 standards [23]). The authors are aware that124

this normalization will not guarantee 100% fair comparison, but still provides a fairer comparison. In125

total, four impact energies were explored, two absolute energies: 5 J and 10.5 J (referred to as IE 1126

and IE 4, respectively) and two normalized energies: 4.1 J/mm and 5.2 J/mm (referred to as IE 2 and127

IE 3, respectively). Table 2 details the measured laminate thicknesses and the defined absolute and128

normalized impact energies for all laminates.129

[Table 2 about here.]130
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2.3. Experimental tests131

2.3.1. Impact, quasi-static indentation and damage assessment132

In accordance with the ASTM D7136/D7136M-15 standards [23], impact tests were performed133

on 150 x 100 mm specimens using a CEAST Fractovis Plus instrumented drop-weight tower. The134

specimens were cut with the 0◦ fibres aligned with the specimen length. A 16 mm in diameter steel135

hemispherical indenter was used, and the total mass of the impactor setup was 3 kg. We impacted 12136

specimens per laminate, with three specimens for each impact energy in order to assess repeatability.137

Further details of the experimental impact setup can be found in [24].138

Quasi-static indentation (QSI) tests were performed with an MTS INSIGHTR© 50 testing machine139

with a 50 kN load cell and displacement controlled loading of the indenter. The test setup replicates140

the impact test, where rubber clamps are placed at the four edges supporting the specimen. A 150141

x 100 mm specimen was placed on a base plate, with an open window of 125 x 75 mm. A constant142

indenter displacement rate of 1 mm/min was used throughout the study. When a load drop or acoustic143

sound emission was noticed, tests were interrupted for C-scan damage inspection, followed by further144

indentation on the same specimen.145

The main objective of QSI tests is to understand the onset and progression of the damage. As146

NCF-Int and NCF-Thin laminates have the same measured laminate thicknesses, they were tested147

under the same indenter displacement levels: d=3, 3.5, 3.95, 4.4, 4.7, 4.9, 5.3 and 6 mm. Initially148

the displacement levels for NCF-Int were decided arbitrarily, and then the same values were used149

for NCF-Thin in order to compare the damage sequence. Meanwhile, because of the differences in150

laminate thicknesses of the WF laminates, different indenter displacement levels were used. While151

WF-Int was indented at displacements d=2, 2.5, 3, 4.1, 5.6, 6.4 and 7 mm, WF-Thin was indented at152

d=2.5, 3.1, 4.1, 4.6, 5.1, 5.9 and 6.25 mm. Pulse-echo ultrasonic C-scan was used to inspect the damage153

from the impact and QSI tests. All the impacted and indented specimens after each indenter loading154

were inspected. C-scan inspection featured an OLYMPUS OMNI MX system and the specimens were155

placed in a pool of water while an automated robotic arm scanned them with a 5 MHz piezoelectric156

probe.157

2.3.2. Plain strength compression and compression after impact158

Prior to compression after impact, plain compression strength of all the laminates was determined159

following the ASTM D6484/D6484M-14 standard [25]. Plain compression tests were performed on160

three 305 mm x 30 mm specimens for each laminate at the INEGI research facility at the University161

of Porto. The interested reader can refer to [26] for more detailed information of the test setup.162

Further, CAI tests were performed using an MTS INSIGHTR©300 machine with a 300 kN load163

cell, following ASTM D7317/D7137M-15 [27]. As thin laminates were reported to fail under structural164

5



global buckling rather than a compressive failure [28], we used a non-standard anti-buckling CAI device165

as proposed by Remacha et al. [29]. This fixture ensures a proper compressive failure at the specimen166

centre induced by the existing impact damage. All the above-mentioned tests, except plain strength167

compression, were performed at the AMADE research laboratory at the University of Girona, which168

is NADCAP certified for non-metallic materials testing.169

3. Experimental Results170

3.1. Impact response171

Figs. 4, 5 and 6 present the force-time, force-deflection, and energy-time impact curves, respectively,172

for all the laminates. While three specimens for each laminate and for each impact energy level were173

tested, because of the good repeatability in the responses, only one specimen per laminate has been174

presented in the impact curves. As the impact energies increase, NCF laminates lost their load carrying175

capacity compared to WF laminates, as evidenced by the reduced peak load (Figs. 4 and 5). Both176

NCF laminates exhibited significant load drops at the peak loads, which was more pronounced in NCF-177

Thin, associated to fibre failure. Unlike the other three laminates, NCF-Thin displayed longer response178

times (Fig. 4) and larger laminate bending (Fig. 5). Both WF laminates exhibited similar impact179

responses, except that WF-Thin displayed slight load drops for higher impact energies compared to180

WF-Int, which are associated with the initiation of fibre failure. NCF-Int performed better than181

NCF-Thin in terms of the peak load. In view of these comparisons, it is important to keep in mind182

that the in-plane and bending responses of the laminates are not exactly the same, owing to the183

different stacking sequence designs. Of all the laminates, NCF-Thin and WF-Int exhibited the highest184

and lowest energy dissipation, respectively (see Fig 6). For all the impact energies, WF laminates185

dissipated much less energy compared to NCF laminates. For both types of fabrics, intermediate ply186

grades exhibited better damage resistance than thin plies (more pronounced for the NCF laminates),187

in terms of reduced energy dissipation and increased load carrying capability.188

[Figure 4 about here.]189

[Figure 5 about here.]190

[Figure 6 about here.]191

Fig 7 shows the projected impact damage profile of all the laminates for all the impact energies192

obtained from the C-scan inspection. For all the impact energies except IE 1, NCF-Int exhibited a193

reduced projected damage area compared to its thin ply counterpart NCF-Thin. Dominant delamina-194

tions were identified for NCF-Int at interface 6 (-22.5◦/22.5◦, oriented in the 22.5◦ direction) and at195
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the last interface (int 10: 0◦/45◦, oriented in the 45◦ direction). Note that the interfaces are numbered196

from the impacted surface with the last interface denoting the interface closest to the non-impacted197

side, as shown in Fig 2. For NCF-Thin, a dominant delamination oriented in the 0◦ direction was198

identified at interface 10 (-45◦/0◦) just above the mid-plane. Additionally for higher impact ener-199

gies, C-scan images of NCF-Thin exhibited permanent indentation, which was not observed in other200

laminates.201

[Figure 7 about here.]202

[Figure 8 about here.]203

Both WF laminates exhibited a close-to-circular projected delamination profile, as also observed204

in [30; 31] for plain woven fabrics. They showed similar projected damage profiles and areas for the205

chosen impact energies. WF-Int showed a dominant delamination at interface 9 (-45◦/45◦) oriented in206

45◦, whereas WF-Thin exhibited delaminations at various interfaces, making it difficult to pinpoint the207

dominant ones. Comparatively, WF displayed a much smaller damage area than NCF, and furthermore,208

while the delamination profile of NCF was controlled by one or two dominant delaminations, WF had209

several delaminated interfaces contributing to the overall contour.210

Fig. 8 displays the photos of the impacted and non-impacted specimen faces from the 10.5 J impact211

(IE 4). NCF-Thin showed higher permanent dent depth and extensive back fibre splitting compared212

to intermediate ply grade NCF-Int. By contrast, the WF laminates displayed very little or negligible213

visible damage as compared to NCF laminates, neither was much visual difference in dent depth and214

back face splitting observed between the WF laminates.215

[Figure 9 about here.]216

[Figure 10 about here.]217

Figs. 9 (a) and (b) present the evolution of the peak load and projected damage area, respectively,218

for the increasing absolute impact energies of all the laminates. When compared with NCF-Int, NCF-219

Thin showed a reduced load carrying capacity, a 13% reduction in peak load for IE 1 and IE 2 and 27%220

for IE 3 and IE 4. Similarly, NCF-Thin exhibited a 30% increase in the projected impact damage area221

over NCF-Int for the higher impact energies. WF-Int and WF-Thin roughly exhibited the same peak222

load and projected damage area, showing the negligible effect that ply thickness has on these damage223

resistance parameters. Within the two fabric types, WF displayed higher damage resistance over NCF,224

evidenced by the higher peak load for all impact energies and reduced damage area, especially at the225

higher impact energies.226
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Figs. 10 (a) and (b) display the dissipated energy and the impact dent depth, respectively, for227

all the absolute impact energies. At lower impact energies, both NCF laminates exhibited roughly228

the same dent depth, whereas for higher energies NCF-thin showed twice the dent depth compared to229

NCF-Int (as can also be seen in Fig. 8). The WF laminates displayed similar dent depth values, and230

when NCF and WF were compared, woven fabrics clearly exhibited lower dent depth. Both thin-ply231

fabrics (NCF-Thin and WF-Thin) showed higher energy dissipation compared to their intermediate-232

ply counterparts. As observed for other parameters, WF laminates exhibit better damage resistance233

by dissipating less energy than NCF laminates do.234

3.2. Quasi-static indentation235

Fig. 11 compares the force-deflection response of the maximum applied indenter displacement236

(d8= 6 mm) of both NCF laminates. The other displacement levels studied, along with the respective237

energies applied (Ea), are also marked on the same figure. As observed with the impact results,238

QSI tests also showed reduced peak load and intermittent load drops with NCF-Thin, where the first239

visible load drop was observed at d3= 4 mm, when compared to the delayed first load drop at d7=240

5.5 mm with NCF-Int. The projected damage contours obtained from the interrupted C-scan damage241

inspection for all the indenter displacement levels of NCF laminates are compared in Fig. 12.242

[Figure 11 about here.]243

[Figure 12 about here.]244

NCF-Thin exhibited delayed damage onset over NCF-Int (as in Fig. 12), where displacement d1245

results exhibited the initiation of delamination damage in NCF-Int (evidenced below the mid-plane at246

interface 7: -22.5◦/22.5◦), but there was no presence of damage in NCF-Thin. Displacement level d2247

provided an increase in the delamination area for NCF-Int, with new delaminated interfaces at the top248

(interface 5: 22.5◦/-22.5◦), meanwhile displacement d3 marked the onset of delamination damage in249

NCF-Thin at the last interface (0◦/45◦). Mild intermittent cracking sounds were heard from NCF-Int250

in the loading stages starting from d1, whereas the first acoustic emission for NCF-Thin was noticed251

at d3, and was associated with the fibre splitting observed on the back face of the laminate and the252

first load drop. From displacements d4 to d6, the delamination profile scaled up with NCF-Int, and a253

dominant delamination oriented in the 0◦ direction, just above the mid-plane (interface 11; -45◦/0◦),254

was observed for NCF-Thin. Displacement d7 resulted in the back fibre splitting of NCF-Int, evidenced255

by a load drop, whereas NCF-Thin underwent further fibre failure which induced a higher delamination256

area when compared to NCF-Int.257

Moving on to woven fabrics, Figs. 13 (a) and (b) present the force-deflection response of WF-Int and258

WF-Thin, respectively, for their maximum applied indenter displacement (d = 7 mm for WF-Int and259
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d = 6.25 mm for WF-Thin). Note that, unlike the NCF laminates, the WF laminates were indented260

at different displacement levels, due to their different laminate thicknesses, and hence the sole aim is261

to study the damage evolution rather than make comparisons. Fig. 13 also presents the other indenter262

displacements studied and their corresponding applied energies. C-scan inspection images of both WF263

laminates are presented in Fig. 14 aligned along the different deflection levels in the horizontal axis.264

WF-Int displayed no load drop in the force response curve during the loading stages, and the first265

load drop was seen at the maximum load (between d6 and d7). In Fig. 14, no damage was observed for266

the d1 displacement, whereas damage initiation was noticed at d2 in the C-scan images. Delamination267

initiation was identified at interfaces 5 (45◦/-45◦), 9 (-45◦/45◦), 13 (-45◦/45◦) and all these interfaces268

correspond to interfaces within the fabric blanket. This could possibly be due to the higher mismatch269

angle within the fabric blanket. Despite no sign of load drop in the force-displacement curve, C-scan270

inspection showed that sufficient damage was formed in the laminate. With continued loading, the271

delamination contour enlarged and new delaminated interfaces appeared. We observed traces of back272

fibre splitting between displacements d6 and d7. The higher capability of standard ply grade woven273

fabrics to delay or suppress fibre failure is illustrated here, as the first sign of failure was observed at274

an applied energy, Ea, of 14 J.275

In the case of WF-Thin, the first load drop was observed before the maximum load (between d5276

and d6), and a further larger drop at the maximum peak load. As with NCF-Thin, back fibre splitting277

was observed at the point of the first load drop. The first sign of delamination (Fig. 14) was observed278

at displacement d2, where interfaces 12 (45◦/-45◦) and 14 (45◦/90◦), both below the mid-plane, were279

found to be delaminated. Even though it is not open for direct comparison, it can be seen that WF-280

Thin delayed the onset of damage and accelerated the onset of fibre failure; something also observed281

with NCF-Thin. With further loading, new interfaces amounted to the existing delaminations, and282

the projected damage contours were roughly the same as for WF-Int. Additionally, a good coherence283

was seen between the results of the impact and QSI tests in terms of projected delamination profile,284

area and the force level of fibre failure initiation for both types of fabrics.285

[Figure 13 about here.]286

[Figure 14 about here.]287

3.3. Plain compression and compression after impact288

Figs. 15 (a) and (b) present both pristine compression and compression after impact strength values289

for all laminates for absolute and normalized impact energies, respectively. The thin plies displayed290

a better plain compression strength than the intermediate plies: NCF-Thin and WF-Thin displayed291

10% and 7% increase over their intermediate grade counterparts. An average increase of 15% in plain292
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compression strength was observed for non-crimp fabrics when compared to woven fabrics (as in Fig293

15).294

[Figure 15 about here.]295

Despite the use of an anti-buckling device, improper CAI failure at the specimen top (local buckling296

at the open top window of the fixture, instead of being at the impacted zone) was observed for laminates297

impacted at lower impact energies (as also reported in [2; 28] for thin laminates). All the laminates298

impacted at IE 1 and all the laminates impacted at IE 2, except NCF-Int, exhibited CAI failure at299

the top of the specimen due to local buckling. The laminates and the CAI values corresponding to300

improper CAI failure are also indicated in Fig. 15.301

Plain compression and CAI strength values of all the laminates normalized with respect to NCF-302

Thin and WF-Thin values are presented in Figs. 16 (a) and (b), respectively. Intermediate grade303

plies showed higher CAI strength than thinner plies did and this was more pronounced for the NCF304

laminates. NCF-Int showed on average a 20% higher CAI strength than NCF-Thin (see IE 3 and IE 4305

in Fig. 16 (a)), while WF-Int exhibited slightly higher CAI strength (9% for IE 3) over WF-Thin (Fig.306

16 (b)).307

[Figure 16 about here.]308

In a more detailed overview from all of the laminates, NCF-Int exhibited improved CAI strength309

(considering valid CAI values from IE 3 and IE 4 energies). Reviewing IE 3, NCF-Int displayed 20%310

higher CAI strength than NCF-Thin and WF-Int, and close to 30% higher than WF-Thin. Moving311

to IE 4, both WF-Int and WF-Thin showed better CAI strength than NCF-Thin, by 10% and 7%,312

respectively, whereas NCF-Int showed 16% higher CAI strength over its thin ply NCF. In terms of313

strength retention, NCF-Thin displayed the highest reduction (65%) in residual compression strength314

induced by the extensive fibre damage from impact (Fig. 17), whereas the WF laminates exhibited a315

reduction of approximately 50% in compression strength.316

[Figure 17 about here.]317

4. Discussion318

4.1. Impact damage resistance319

As evidenced by the experimental results, the woven fabrics exhibited better impact damage re-320

sistance than non-crimp fabrics did. The significant load drops reported for the NCF laminates are321

related to the initiation of fibre failure (see Fig. 5), as was also evidenced in the QSI results. At322

the same time, the absence of such load drops in the WF laminates suggests the reduced and delayed323
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presence of fibre failure. The significant increase of the impact damage related parameters (Figs. 9324

and 10) for NCF over WF also supports the escalation of fibre breakage in NCF at higher impact325

energy levels. It is important to keep in mind that the thin ply of NCF (67 gsm) is thinner than its326

WF counterpart (80 gsm), so the effect of the reduced ply thickness is more pronounced.327

The higher damage resistance of woven fabrics is associated with their increased interlaminar frac-328

ture toughness. As a result of the woven architecture, the fibre tows have undulations/waviness and329

both the weft and warp tows are present in the same interface. Therefore, as a crack propagates at330

an interface, it follows a wavy path due to the waviness of the fibre tows, and further, as the crack331

encounters a different oriented fibre tow, the crack front jumps to follow this direction. All this results332

in an increased effective crack length and an excess energy dissipation, thereby an increased fracture333

toughness [10; 14]. On the other hand, NCF fibre tows are rather straight like UD tapes, except for the334

fact that two UD plies are stitched together. They are reported to have a reduced interlaminar fracture335

toughness compared to woven fabrics [14], thereby demonstrating the effect of woven reinforcement336

architecture.337

WF laminates exhibited more delaminated interfaces and a reduced projected area compared to338

NCF. QSI results revealed that most delaminations were formed within the WF fabric blanket, which339

can be due to the higher mismatch angle of 90◦ within the fabrics that favours delamination [3]. The340

reduced projected damage area of WF is reasoned to be either the higher number of delaminated inter-341

faces or the delamination propagation being suppressed by the increased mode II fracture toughness342

of the woven fabrics, where the delamination cannot extend easily as it is forced to change its plane343

following the weft and warp. Further, the magnitude of fibre failure is far smaller in WF laminates344

compared to NCF. The delamination onset for WF laminates happens before delamination onset for345

NCF laminates (as in Figs. 12 and 14), and this could probably delay the fibre damage onset. In ad-346

dition, the interwoven fabric architecture may help to suppress the escalation of fibre damage. When347

a fibre bundle of a weft tow fails, the warp tows may help to re-distribute the stresses. Micro X-ray348

tomography investigations could help to obtain a proper understanding and can be employed in future349

work.350

In analysing the ply thickness effect, thin laminates, due to the reduced bending stiffness, underwent351

significant bending during impact loads which led to high tensile stresses at the non-impacted laminate352

face. Because of the inherent in-situ effect of thin plies and lower interlaminar stresses, NCF-Thin353

delayed the onset of matrix cracking and consequently delaminations. However, with the delayed354

damage onset, early fibre failure was evidenced in NCF-Thin, as seen through the significant load drops355

in the impact response curves and also the early fibre splitting at the laminate back face evidenced356

in QSI results (Fig. 11 and Fig. 12). Even though delamination onset was suppressed, extensive357

delamination was observed after fibre failure in thin ply laminates (as reported in [32]), thus NCF-thin358
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exhibited a higher projected damage area over NCF-Int at higher energies. On the other hand, early359

matrix cracking and delaminations in NCF-Int delayed and reduced the intensity of fibre failure by360

having less energy available for the fibre damage process.361

The same explanation is valid for the greater damage resistance of WF-Int over WF-Thin, even362

though the improvement is marginal when compared with the NCF laminates. The roughly similar363

damage resistance response of the WF laminates may be due to the ply grades chosen for the study,364

as the difference between the thin ply grade (80 gsm) and standard ply grade (120 gsm) was not as365

significant as in the case of NCF laminates (67 vs 134 gsm). Delamination initiation and its location366

were evidenced in the QSI results, which otherwise would not have been able to be detected from the367

impact results. NCF-Int exhibited delaminations above and below the mid-plane cluster ply formed368

due to symmetry axis, and this cluster introduces high bending stiffness mismatch between the adjacent369

interfaces, leading to high interlaminar shear stresses. The same can be seen with NCF-Thin just below370

the mid-plane.371

4.2. Impact damage tolerance372

An average 15% lower plain compression strength was observed on woven fabrics when compared to373

non-crimp fabrics. With the same fibre-resin material system for both types of fabrics, the reduction374

in the in-plane compressive strength is related to the fibre tow waviness of the woven fabrics [11]. It375

should also be kept in mind that the ply ratio along each orientation is not the same for NCF and376

WF laminates. Despite this, the waviness is greatly reduced in spread-tow woven fabrics compared to377

conventional ones [13; 33; 34]. The minimal waviness causes the in-plane properties of woven fabrics to378

be extremely close to that of the UD tapes. However, the minimal but inevitable waviness induces fibre379

kinking under compressive loading that impairs the compressive strength. Therefore, the same woven380

fibre architecture which helped to increase the damage resistance and fracture toughness, counteracted381

this with reduced CAI strength.382

On the ply thickness effect, thin plies demonstrated an increased plain compression strength (10%383

for NCF and 7% for WF) over their intermediate ply counterparts. Thin plies possess increased longi-384

tudinal compression strength mainly attributed to the uniform micro-structure of the thin spread-tow,385

less waviness associated with thin plies, thus leading to fewer resin rich areas [13; 35]. In the frame-386

work of compression after impact, as discussed in the previous section, the behaviour thin plies possess387

characterised by early and extensive fibre failure (because of delayed matrix cracks and delamination)388

has resulted in the reduced CAI strength thin ply laminates demonstrate (also reported in [2]). Con-389

trary to the thick or standard laminates, where thin plies improved the CAI strength over thicker plies390

[16], thin plies used with thin laminates have led to increased fibre failure leading to reduced CAI391

strength. As explained earlier, thin plies dissipated most of their energy through fibre failure, whereas392
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the intermediate plies do this through delamination. The final collapse of the specimen during CAI393

loading is mainly driven by the impact induced fibre damage than by the delamination, as is seen in394

the case of thin laminates.395

4.3. Thin laminates and masked delamination load drops396

Contrary to the thick or standard laminates, the thin laminates exhibited no signs of load drop in397

the initial stages of loading, where the initiation and propagation of delaminations are literally hidden398

in the force response curves. This is clearly seen from the QSI results for both NCF and WF laminates,399

where a delamination observed in the C-scan inspection is not represented by any load drop in the force400

response curve. As reported in [36], this is explained as an effect of the reduced laminate thickness.401

The force-deflection response curve of a laminate is the sum of the bending and membrane-stretching402

stiffnesses of the laminate. At higher deflections, where the membrane-stretching is dominant, the403

delaminations and their associated load drop have little influence on membrane behaviour. Hence,404

the significant load drops encountered in the force responses of the thin laminates is related to fibre405

damage, where the in-plane membrane stiffness drops due to the damaged fibres. Therefore, unlike the406

thick laminates, the force responses of the thin laminates does not signal the initiation or development407

of matrix and delamination damage through load drops, as these are only detected through damage408

inspections.409

4.4. Damage tolerance in terms of damage detectability410

One of the ultimate goals of the research community is to improve the damage tolerance of a411

structure. That is, the ability of the structure to have enough residual strength to carry post-impact412

service loads until the impact damage has been detected. It is also equally important for impact413

damage to be detected during service inspections so that it can be repaired and a final structural414

collapse avoided [37; 38]. Impact damage is normally detected through the permanent impact dent415

depth formed on the impacted surface. It has been reported that a dent depth between 0.25 to 0.5 mm416

deep is highly likely to be detected [39]. When comparing NCF and WF laminates in this framework,417

WF laminates exhibited less than 0.1 mm dent depth even at the highest impact energy, while NCF418

showed three or four times higher dent depth, thereby increasing their chances of being detected (as in419

Fig. 8). Moreover,WF laminates displayed a reduced residual strength which leads to a worse scenario420

as the damage can be left undetected, and at the same time they do not have a higher residual strength421

to withstand the loads. NCF outperform WF laminates in this, because the chances of detecting the422

damage is greater and also they have higher residual strength.423

In a recent work by the authors [2], we carried out a similar study with UD tapes (using the same424

fibre-resin material as in this paper) considering different ply thicknesses. Comparing the impact and425

13



post-impact performance of fabrics with UD tapes (note that the UD baseline considered here is the426

intermediate ply grade of 134 gsm), the damage resistance of UD tapes and non-crimp fabrics is very427

similar, whereas the woven fabrics exhibit a superior performance compared to both UD and NCF.428

Meanwhile, non-crimp fabrics, NCF-Int exhibit considerably higher impact tolerance values (about429

15%) than UD and there were similar CAI values between the UD and the woven fabric WF-Int.430

4.5. Textile fabrics: prospects and further work431

The study concludes that woven fabrics have good damage resistance, while NCF have a higher432

residual strength for post-impact loads and also favour impact damage detectability. Hence, these433

fabrics can be customized according to particular aircraft structures and the type of loads encountered.434

As a further improvement, laminates can be designed with hybrid designs at the ply level, where the435

standard and the thin ply grades can be mixed in the same laminate, as was done by the authors436

with UD plies [2]. The standard plies help to reduce the magnitude of fibre failure by dissipating437

energy through delaminations, while the thin plies and their improved compressive strength help in438

post-impact compressive loads. For woven fabrics, the means of improvement is to have the least439

reduction in the in-plane compressive properties when compared to UD plies, which is a key factor440

in improving post-impact residual strength. Since the woven fabric architecture helps to improve the441

fracture toughness and at the same time reduces the in-plane compressive properties, a balance between442

these two features should be made. One of the options is to substitute 0◦ fabric layers with UD 0◦443

plies, where the undistorted 0◦ plies provide the residual strength during the in-plane compressive444

loading of CAI [40].445

5. Conclusion446

We carried out an experimental campaign to study the effect of fabric reinforcement architecture447

and tow thickness on the impact and compression after impact response of thin laminates (1.6 - 1.8448

mm). We used two types of aerospace graded fabrics, namely non-crimp fabrics and woven fabrics,449

where two UD layers/tows were stitched and weaved together, respectively. In addition, two different450

tow thicknesses (standard and thin ply grade) were used for each fabric. Impact results revealed that451

woven fabrics undoubtedly exhibited a superior impact damage resistance, evidenced by the 50% less452

dissipated energy, reduced dent depth and projected damage area over the non-crimp fabrics. In terms453

of ply thickness effect, thin plies with thin laminates delayed the onset of cracks and delamination,454

but displayed early fibre failure, especially with non-crimp fabrics. This was demonstrated through455

quasi-static indentation tests, where the entire sequence of damage evolution was compared. The456

intermediate ply grade exhibited improved damage resistance (50% and 45% less energy dissipated457

for NCF and WF, respectively) over thin plies. Despite a lower impact damage resistance, non-crimp458
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fabrics displayed an average 20% higher CAI strength over the woven fabrics. In addition, intermediate459

ply grade exhibited higher post-impact residual strength (20% and 10% higher CAI strength for NCF460

and WF, respectively) over their thin ply counterparts. With textile fabrics being a good economic461

prospect, future work can be dedicated to mixing plies of different thicknesses in the same laminate,462

thereby aiming to improve the damage tolerance.463
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[24] E. González, P. Maimı́, P. Camanho, C. Lopes, N. Blanco, Effects of ply clustering in laminated534

composite plates under low-velocity impact loading, Composites Science and Technology 71 (6)535

(2011) 805–817.536

[25] ASTM D6484/D6484M-09, Standard test method for open-hole compressive strength of polymer537

matrix composite laminates, 2009.538

[26] A. Arteiro, G. Catalanotti, J. Xavier, P. Camanho, Notched response of non-crimp fabric thin-ply539

laminates, Composites Science and Technology 79 (2013) 97–114.540

[27] ASTM D7137/D7137-15, Standard Test Method for Compressive Residual Strength Properties of541

Damaged Polymer Matrix Composite Plates, 2015.542

[28] D. Ghelli, G. Minak, Low velocity impact and compression after impact tests on thin carbon/epoxy543

laminates, Composites Part B: Engineering 42 (7) (2011) 2067–2079.544
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Figure 4: Force-time responses of all the laminates for all the impact energies.

24



Deflection (mm)

0 2 4 6 8

F
o

rc
e

 (
N

)

0

1000

2000

3000

4000
NCF-Int

NCF-Thin

WF-Int

WF-Thin

Deflection (mm)

0 2 4 6 8

F
o

rc
e

 (
N

)

0

1000

2000

3000

4000
NCF-Int

NCF-Thin

WF-Int

WF-Thin

Deflection (mm)

0 2 4 6 8

F
o

rc
e

 (
N

)

0

1000

2000

3000

4000
NCF-Int

NCF-Thin

WF-Int

WF-Thin

Deflection (mm)

0 2 4 6 8

F
o

rc
e

 (
N

)

0

1000

2000

3000

4000
NCF-Int

NCF-Thin

WF-Int

WF-Thin

Figure 5: Force-displacement responses of all the laminates for all the impact energies.
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Figure 6: Impact energy evolution of all the laminates for all the impact energies.
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Figure 7: Projected damage contours and areas obtained from the C-scan damage assessment of all laminates for all
impact energies (The average projected damage area is presented with the through-the-thickness colour bar. The field
of inspection presented is 40 x 40 mm2).
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70 mm

Figure 8: Photos of the impacted (top) and non-impacted (bottom) faces of NCF and WF laminates from the 10.5 J
impact test (Each image represents a square window of 70 x 70 mm referenced from the impact centre).
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Figure 9: Impact damage resistance parameters (a) peak load and (b) projected damage area compared between all the
laminates for all absolute impact energies (Average value presented along with the standard deviation indicated by the
vertical markers).
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Figure 10: Impact damage resistance parameters (a) dissipated energy and (b) impact dent depth compared between all
the laminates for all absolute impact energies (Average value presented along with the standard deviation indicated by
the vertical markers).
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Figure 11: Load-indenter displacement QSI curve for NCF-Int and NCF-Thin for d=6 mm (the other displacement levels
used in the study are also marked).
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Figure 12: C-scan images comparing the evolution of damage in the NCF laminates for all the indenter displacement
levels.
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Figure 13: Load-indenter displacement QSI curve for WF-Int and WF-Thin for d=7 mm and d=6.25 mm, respectively
(the other displacement levels used in the study are also marked).
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Figure 14: C-scan images showing the damage evolution in WF-Int (top) and WF-Thin (bottom) for all indenter
displacement levels. Note that the scans are presented along an indenter deflection on the horizontal axis.
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Figure 15: Plain compression strength and compression after impact strength values against (a) absolute impact energies
and (b) normalized impact energies for all the laminates.
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Figure 16: Comparison of CAI strength normalized with (a) NCF-Thin as baseline and (b) WF-Thin as baseline. The
plain compression strength is also normalized according to the respective baselines.
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Figure 17: Normalized reduction in the compressive strength due to the impact damage of all laminates.
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Table 1: Laminates and their details

Laminate Description Stacking sequence
Fabric grade

(g/m2)
Ply

thickness (mm)
Nominal laminate
thickness (mm)

NCF-Int Intermediate plies [(45/0)/(-45/90)/(22.5/-22.5)]S 268 0.134 1.61
NCF-Thin Thin plies [(45/0)/(-45/90)/(45/0)/(-45/90)/(45/0)/(-45/0)]S 134 0.067 1.61
WF-Int Intermediate plies [(45/-45)/(0/90)/(45/-45)/(0/90)]$ 240 0.12 1.68
WF-Thin Thin plies [((45/-45)/(0/90))2/(45/-45)/(0/90)]$ 160 0.08 1.76
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Table 2: Laminates and the defined impact energies

Laminate
Measured laminate

thickness (mm)
Impact Energy 1:

IE 1
Impact Energy 2:

IE 2
Impact Energy 3:

IE 3
Impact Energy 4:

IE 4
Abs Norm
(J) (J/mm)

Abs Norm
(J) (J/mm)

Abs Norm
(J) (J/mm)

Abs Norm
(J) (J/mm)

NCF-Int 1.57 5 3.2 6.4 4.1 8.2 5.2 10.5 6.7
NCF-Thin 1.58 5 3.2 6.5 4.1 8.3 5.2 10.5 6.6
WF-Int 1.66 5 3 6.8 4.1 8.7 5.2 10.5 6.3
WF-Thin 1.82 5 2.7 7.5 4.1 9.5 5.2 10.5 5.8
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