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Abstract

This study focuses on the characterization of the in-plane shear response of a novel powder-impregnated,

non-consolidated PA66/glass semipreg to evaluate its forming behaviour. The effects of temperature and rate

on the behaviour of the semipreg and the preconsolidated material were investigated using bias-extension

tests. Results obtained show an increase in shear stress with decreasing temperature and increasing rate, with

the semipreg exhibiting a lower sensitivity to the test speed. An increase of the flow distance to impregnate

the yarns, due to intra-ply sliding mechanisms specific to the powder-impregnated semipreg, is observed. A

model based on a hypoelastic approach with temperature and rate dependence is proposed to represent the

material behaviour. Isothermal simulations of the bias-extension test are conducted. Results show a good

agreement between the model and experimental data in terms of force and shear angle prediction.

Keywords: A. Fabrics/textiles, A. Semipreg, B. Thermomechanical properties, C. Finite element analysis

(FEA)

1. Introduction1

The use of thermoplastic composites in structural parts is growing in the automotive industry, as2

compliance with stricter CO2 emissions regulations (95 g km−1 by 2020 in the EU, 91g km−1 by 2025 in the3

USA [1]) is pushing the need for lighter structural frame and body parts. To reach the production rates4

required by this high-volume market, manufacturing processes allowing for short cycle times (<1min) such as5

thermoforming have to be used [2]. This process consists of heating a pre-consolidated blank of thermoplastic6

composite in an infrared oven above the melting temperature of the matrix; the blank is then transferred7

into a press where it is stamped to shape [3, 4].8
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A potential way of reducing the costs associated with this process would be to form directly from9

non-consolidated preforms, thus removing the need for a preliminary consolidation step. This approach is10

made especially viable with the recent development of semipreg materials (powder-impregnated, commingled)11

that reduce the distance needed to impregnate the yarns [5], and new formulation of thermoplastic polymers12

presenting a low melt viscosity that allow for consolidation with pressures as low as 0.15MPa [6]. Optimizing13

the thermoforming of double curvature parts for these materials requires an understanding of both the14

mechanical behaviour during the forming phase (where in-plane shear is the principal mode of deformation15

[7]) and the impregnation behaviour during the compaction and re-consolidation.16

Most of the work related to direct forming of semipregs has been focused on commingled composites,17

and especially on consolidation [8]. Bernet et al. [9, 10] proposed a model allowing for the prediction of18

residual void content in non-isothermal stamp forming of non-consolidated, unidirectional commingled yarn19

fabrics into flat panels, based on the impregnation of a single representative yarn. Thomann et al. [11, 12]20

investigated the forming of flat laminates from non-consolidated PA12- and PBT-carbon fibre commingled21

yarns, showing the importance of the commingling quality on the resulting void content.22

Studies published in 2006 [13, 14] have shown the viability of forming more complex parts (either23

non-developable or developable) from unconsolidated woven commingled fabric, showing good mechanical24

properties even when compared to their pre-consolidated counterparts.25

Fewer studies have been focused on the use of powder-impregnated semipregs, where the matrix is26

deposited with a wet or dry process either on the tows before weaving (powder coated towpregs) or directly27

on the fabric after weaving. This class of semipreg has the advantage of being easier to handle as the28

matrix distribution stabilizes the fabric: the thermoplastic powder effectively acts as a binder on the dry29

fabric, preventing fraying and displacement of the yarns during the cutting and kitting operations. The30

drapability at room temperature is however greatly impeded. Connor et al. [15] used both commingled31

fabrics and powder coated towpregs to form corrugated sheets with high processing rates, resulting in parts32

with void volume fraction <2 % in both cases. Even though the commingled material required a higher33

processing temperature to reach this void content, the comparison between the two precursor types is biased34

by variations in the viscosity of the PA12 grades used.35

Several authors have investigated and modelled the shear behaviour of preconsolidated woven thermoplastic36

composites [16–19] or commingled fabrics [20–22], showing the influence of the thermo- and rate-dependent37

behaviour of the matrix on the shear response. Despite the intense work in the field of forming of thermoplastic38

composites, no studies have yet addressed the shear behaviour of non-consolidated powder-impregnated39

woven fabrics, which is primordial for accurate process simulation.40

This paper presents an experimental study on the shear behaviour of a powder-impregnated PA66/glass41

woven semipreg in a range of temperature and shear rate relevant to the thermoforming process. The aim of42

this work is to characterize the shear behaviour of the material and its dependence on temperature and rate,43
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in its as-received configuration and after a preconsolidation step. A full-factorial bias-extension test program44

is conducted; experimental data obtained for the consolidated and non-consolidated material are presented45

and compared in terms of shear rate and temperature effect. The ability of a hypoelastic approach with a46

multiplicative decoupling shear model to represent the behaviour of the semipreg material is assessed.47

2. Material48

The material used in this study is a twill 2/2 woven glass fabric, powder-impregnated with polyamide 6649

(PA66) and provided by Solvay. The main characteristics of the fabric are listed in Table 1. The matrix used50

is a high fluidity PA66, with a dynamic melt viscosity of 30-50 Pa s at 10 s−1 [23]. In its as-received state,51

the matrix is distributed as a network of semi-coalesced droplets on both faces of the fabric, as shown in the52

micrographs of Figure 1 and 2.53

In contrast with classical powder-impregnation techniques where the matrix is deposited on fiber tows54

via solution/slurry processing or dry powder impregnation [24], the deposition process is conducted after the55

weaving operation which helps to reduce the material costs, as no adaptations are required for the loom; the56

matrix distribution is, however, highly heterogeneous through the thickness of the fabric.57

A DSC analysis performed at 20 ◦C/min and presented in Figure 3 shows a melting temperature of 260 ◦C58

and a crystallization temperature of 225 ◦C. In the industrial process, the blank is usually preheated up to59

30 ◦C above the melting temperature of the matrix to take into account the convective cooling during the60

transfer phase from the heating station to the forming station. The relevant thermoforming window for this61

material can therefore be considered to be between 235 ◦C and 295 ◦C.62

2.1. Consolidation63

To serve as a reference when comparing with the as-received material, single plies of 320x300mm2 with a64

±45◦ orientation were thermocompressed at 295 ◦C under 2 bar for 5 min in a 1000 kN press equipped with65

an induction heated flat mould. The resulting consolidated plates present a thickness of 0.51 ± 0.02 mm.66

3. Experimental procedure67

3.1. Bias-extension test68

The bias-extension test is a well established test for the characterization of in-plane shear for woven69

fabrics, in which a rectangular sample of aspect ratio greater than 2 is subjected to tensile loading, the initial70

orientation of the fabric being at 45◦ relative to the load direction. The kinematics of the test are presented71

in Fig. 4: as yarns in the central region of the sample are not clamped, and assuming no slippage between72

the warp and weft directions, the central region is in a state of pure shear [7, 22]. As the region closer to the73

grips does not contribute to the force measured during the test, the bias-extension test also presents the74
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advantage of being less sensitive to temperature gradients due to the sample cooling from the grips when75

compared to the picture frame test [19] (although modifications to the sample geometry or picture frame76

grips can greatly mitigate these effects [25]).77

3.2. Experimental set-up78

Single ply samples of height h = 250 mm and width w = 100 mm were cut out of the semipreg and79

the preconsolidated plates. The specimens were marked with high-temperature paint to facilitate the80

post-processing of the shear angle evolution. To minimize the influence of moisture on the behaviour of the81

matrix, all specimens were dried at 80 ◦C for 12 hours as per the manufacturer recommendation prior to82

testing. The bias-extension tests were conducted using a MTS 250 kN servo-hydraulic machine equipped83

with a 5 kN load cell and a MTS651 environmental chamber. The accuracy of the load cell at small loads84

has been verified with weights between 5 N and 100 N. Results show the systematic error and random error85

below 5% and 10% at 5 N respectively, and below 2.5% and 5% for loads above 10 N. Purpose-made grips86

described in Fig. 5 were used to prevent slippage of the samples. To ensure proper clamping of the sample87

above melting temperature, the grip force is introduced by a combination of set screws and compression88

springs. Each test was filmed with an Allied Vision AVT Pike camera to track the evolution of shear angle89

during the deformation.90

To replicate the thermal history seen by the blank in the industrial thermoforming process, the samples91

were heated to 295 ◦C before being cooled down to the test temperature. The temperature homogenization92

steps were kept intentionally short (15 min) to limit the thermal oxidation of the PA66. Convection and93

grips-induced temperature gradients were evaluated prior to testing with thermocouples distributed along94

the length of the sample (see Fig. 6). A thermal probe consisting of a type-K thermocouple held in between95

two plies of the material (as proposed in [26]) was used to monitor the temperature during testing.96

A full factorial experiment with two temperatures in the processing range (265 ◦C and 280 ◦C) and three97

different speeds (10, 100 and 1000 mm/min) was conducted for each material (semipreg and preconsolidated).98

A minimum of three samples were tested per test condition. For the sake of completeness, bias-extension99

tests were also conducted on the dry twill fabric at room temperature and 10 mm/min.100

3.3. Post-processing procedure101

As the determination of the shear angle through geometric considerations does not lead to valid results102

after the onset of sliding [7], an optical method was used. The images obtained during the test were103

post-processed using routines developed in ImageJ [27] and MATLAB: the shear angle is calculated as the104

average on three discrete measurements in the central region of the sample as shown in Figure 7.105

Shear force was determined from axial load using the energetic approach presented by Launay et al. [28],106

and subsequently reviewed in [29], where the power related to the displacement of the grips is equated with107

the power needed to shear the different regions of the sample:108
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where Fsh is the normalised shear force, F the axial force as recorded during the test, γ the shear angle109

and h and w the sample initial height and width, respectively (see Fig 4 for reference). As the shear force is110

obtained recursively from the shear force at the half shear angle, linearity is assumed at the initial step of111

the computation:112
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The Cauchy shear stress, assuming the material as a continuous medium, is then calculated by dividing113

by the initial sample thickness [30].114

4. Results115

The axial force versus extension curves obtained are presented in Figure 8 for all test repeats on the116

semipreg material at 265 ◦C. The mean force at each test speed is shown with solid lines, with grey surfaces117

representing the standard deviation. The reproducibility of the tests is good, with standard deviation118

increasing up to a maximum of 20% after the onset of sliding (when the specimen is failing).119

The resulting shear stress versus shear angle curves are shown in Figure 9 and 10 for the preconsolidated120

and semipreg material respectively. The curves present the same features regardless of the test conditions: the121

sample first undergoes a realignment in the plane (as the heating cycle induces sag). No change in shear angle122

was observed as the material became slack from heating, which indicates that the sag was accommodated123

by buckling rather than shearing of the sample.As proposed by Harrison [19], the measured displacement124

data were shifted by approximately 1 mm to account for this effect. Static friction initially prevents shearing125

until the applied load is sufficient ; at small shear angles, the yarns are free to rotate around their crossover126

points and the shear stress arises from inter-yarn friction only. As the yarns gradually come in contact,127

transverse compaction leads to a gradual increase in the shear stiffness. The theoretical asymptote of the128

curve corresponding to the compaction limit of the yarns is not reached, as intra-ply slippage mechanisms129

(crossover and inter-tow slip) become the primary mode of deformation to accommodate the prescribed130

displacement [19].131

Intra-yarn shear is also observed during the deformation, as can be seen in Figure 11 where lines drawn132

on the undeformed sample present a loss of continuity due to the rotation of segments on yarns initially133

orthogonal to the lines. The low values of maximum shear stresses recorded here are attributed to the fabric134

coarseness (2.6 ends per cm) and weave style which reduces the waviness and affect the inter-yarn friction135

behaviour as reported by Dong et al. [31].136
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Additional comparison between results for both the preconsolidated and semipreg composite and the dry137

fabric at 10 mm/min are presented in Figure 12: the stiffening effect of the matrix is clearly visible, with138

values of shear stress for the dry fabric being on average 50 % and 30 % of the semipreg and preconsolidated139

material respectively.140

4.1. Temperature effect141

The tests conducted at 280 ◦C and 265 ◦C show an increase of the measured shear stress with decreasing142

temperature for both the preconsolidated and semipreg material. Figure 13 presents the relative effect on143

shear stress of: (a) decreasing the temperature from 280 ◦C to 265 ◦C and (b) increasing the test speed by 1144

or 2 decades, averaged for shear angles between 0.1 rad and 0.8 rad to ignore both the initial static friction145

and the sliding phase. The consolidated and semipreg material are denoted by blue and red bars respectively.146

Temperature is shown to have a significant effect on the observed behaviour, with the exception of tests147

conducted on the preconsolidated material at 10 mm/min, for which the only noticeable difference is the148

onset of sliding (see Fig. 9). The effect of temperature on the shear behaviour of woven composites is well149

documented in the literature [17, 25, 32], and is attributed to the increase in viscosity of the thermoplastic150

matrix as the material cools from the melt. A higher viscosity at lower temperatures impedes the shearing of151

the yarns that are either fully impregnated (in the case of the preconsolidated fabric) or sandwiched between152

polymer rich layers (in the case of the semipreg).153

4.2. Rate effect154

Strain rate dependence is not as widely reported as temperature dependence [25, 33], and as a result is not155

taken into account as often in modeling approaches [7]. The average effect on the shear stress of increasing156

the test speed is shown in Fig.13b. In the case of the preconsolidated composite (blue bars), an increase in157

the strain rate leads to a significant increase of the shear stress with exception of the tests conducted at158

280 ◦C and 100 mm/min. Higher shear angles before sliding are also achieved at higher speedsas observed159

in Fig. 9. In the case of the semipreg, increasing the test speed from 10 to 100mm/min does not have a160

significant effect, withonly tests at 1000 mm/min presenting a slight increase in the observed shear stress.161

4.3. Sliding behaviour162

Sixteen tests were conducted up to an extension of 150 mm to observe the behaviour of the samples past163

the onset of sliding. In the case of semipreg samples where the matrix is located only on the top and bottom164

surfaces of the fabric, cross-over slip leads to a characteristic pattern of visually resin-free macroscopic zones165

and accumulation of resin at the boundaries of these zones (see Fig. 14). This behaviour is assumed to be due166

to a combination of non-coated surfaces becoming exposed and resin accretion in the region of yarn crossover167

opposite to the direction of sliding. Since the resin is distributed uniformly in the preconsolidated material,168
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the effect is limited to semipreg samples. The maximum polymer flow distance to impregnate the yarns can169

be increased by one order of magnitude; the modification of the local matrix volume fraction can lead to dry170

spots after the consolidation of the part which is detrimental to the resulting mechanical properties.171

5. Modeling172

Various approaches have been proposed in the recent literature to model and simulate the behaviour173

of woven composites during forming. Discrete approaches have been presented at the microscale [34] or174

mesoscale [35] for the draping of dry fabrics; although they allow for the prediction of loss of cohesion of the175

fabric or fiber/yarn pull-out, the computational costs associated with the high number of contact interactions176

considered limit their use to the simulation of a few unit cells. Even though the assumptions made are not177

valid at small scales, semi-discrete or continuous approaches are more widely used [36–38] within hyper- or178

hypoelastic frameworks suited to analysis at large strains. These approaches allow to take into account the179

effect of the viscous matrix in constitutive laws without explicitly modeling it, and recent studies have been180

successful in simulating the temperature and rate dependent behaviours of preconsolidated composites during181

forming [17, 18]. The approach used here is an extension of the model presented by Pierce [39] and based on182

previous work by Khan [40] and Peng [41]. The model is based on a hypoelastic formulation:183

σ∇ = C : D (3)

where σ is the Cauchy stress tensor, D the strain rate tensor and C a fourth-order constitutive tensor184

expressed here in the frame of the fibers. ∇ denotes an objective derivation operator ensuring the absence185

of spurious stresses from rigid body rotations. Two orthogonal frames fixed with the fibers directions are186

constructed and updated using the deformation gradient tensor F . Commercial finite elements softwares187

make use of Jaumann or Green-Naghdi formulations, which are based on average material rotations (from188

polar decomposition of the deformation gradient, or rotation of the corotational frame). The strains computed189

in these frames need to be expressed in the fiber axes before the constitutive law can be applied. The190

resulting stress increments are accumulated in each fiber frame using a mid-point integration before being191

summed in the current working frame. Considering elastic tensile terms E1 and E2 and shear modulus G12192

only, the constitutive law in fiber direction α is then expressed as:193


dσfα11

dσfα22

dσfα12

 =


δα1E1 0 0

0 δα2E2 0

0 0 G12



dεfα11

dεfα22

dεfα12

 (4)
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where δαi is the Kronecker delta function. The temperature and rate-dependence is assumed to be related194

only to the in-plane shear term and tension/shear couplings are neglected (although recent work has shown195

that tension in the yarns can affect the shear response through an increase of the contact forces at crossover196

points [42]; an uncoupled model is however sufficient to predict the shear deformation patterns [43]). The197

analytical expression of the shear modulus developed by Machado et al. [32] for preconsolidated composites198

is used to represent the nonlinear, temperature and rate-dependent shear behaviour. This empirical model199

assumes a multiplicative decoupling between the different effects (eq. 5).200

G12(γ, γ̇, T ) = (a1 + 2a2γ + 3a3γ
2)

(
1 +

(
γ̇

D

) 1
P

)(
eA

T−T0
T0

)
(5)

where a1, a2 and a3 are fit coefficients of the shear stiffness, D and P are parameters of Cowper-Symonds201

overstress law [44], and T0 and A are the reference temperature and temperature scaling factor respectively.202

The model parameters have been determined by minimizing the sum of least square errors associated with203

each shear stress versus shear angle/shear rate experimental curve. The specificities of the bias-extension test204

lead to a variable shear rate, which was therefore evaluated by numerical differentiation of the shear angle205

using finite differences. The optimization problem was solved using an interior-point algorithm in MATLAB206

[45]. The resulting parameters are presented in Table 2, and Figures 15 and 16 show the superposition of the207

model prediction and average experimental curves in the shear angle/shear rate plane for the preconsolidated208

and semipreg composite respectively. The sum of squared relative residuals for each configuration, divided by209

the corresponding number of data points, is presented in Figure 17. The model provides a correct description210

of the behaviour in both cases, including the lower sensitivity of the semipreg to temperature and rate as can211

be seen in the values of the temperature scaling factor and exponent of the Cowper-Symonds law.212

The model has been implemented in Abaqus/Explicit by means of a VUMAT user subroutine. Isothermal213

bias-extension simulations were conducted to validate the model at various temperatures. Under-integrated214

shell elements with temperature degree of freedom and approximate size of 7x7 mm2 were used; to avoid215

numerical tension locking issues described by Hamila and Boisse [46], the mesh has been aligned with the216

initial warp and weft yarn directions.217

Figure 18 presents the simulated shear angle distribution in a preconsolidated sample at different218

temperatures, at an extension of 30 mm. The different zones predicted by the theory are clearly defined.219

The maximum value of simulated shear angle is increasing at higher temperatures, as the shear stiffness220

of the material decreases; this is also shown in the case of forming simulations [16]. The simulated axial221

force required to stretch the sample during the test is plotted in Fig. 19 at 1000 mm/min. The axial force is222

underestimated at low shear angles (γ<0.1 rad), as the fit function used in the model does not reproduce the223

sharp increase in axial force observed at the transition between the static and kinetic friction regimes. At224

high shear angles, the simulation predicts a higher axial force than measured experimentally. The effect of225
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temperature on the measured force is however accurately reproduced. The error between simulation and226

experimental shear angle measurement is plotted in figure 20 for a variety of configurations. The simulation227

overestimates the shear angle in all cases and the error increases noticeably at higher extension, up to a228

value of 10◦ at 65 mm. These differences are partly due to the inability of the continuous approach used in229

representing the locking and subsequent sliding of the discrete yarns.230

6. Discussion231

The experimental test campaign has outlined differences in the shear behaviour of the preconsolidated232

and semipreg composites, the latter presenting a lower dependence on the test temperature and virtually233

no dependence on the shear rate. These differences are likely due to the spatial distribution of the resin234

within the woven reinforcement, as other parameters are kept identical. The stresses generated during the235

in-plane shear of woven fabrics are due initially to inter-yarn friction and at large shear angles to transverse236

compression [47]. In the case of single preconsolidated plies sheared at high temperatures, the thermoplastic237

matrix has two competitive effects: it decreases inter-tow friction by acting as a lubricant, but its viscosity238

also restricts the macroscopic movements of the yarns in a rate-sensitive fashion [48, 49]. This behaviour is239

consistent with the results presented here with a stiffening of the shear response at higher testing speeds,240

and corroborated by results on temperature and rate dependent fabric/fabric lubricated friction coefficients241

presented in the literature [50–52].242

In the case of the semipreg, the matrix is present only on the apparent surfaces of the woven fabric and243

the yarn crossover points are dry. The evolution of friction coefficients for dry fabric/fabric, fabric/tool or244

yarn/yarn as a function of velocity has been extensively studied, in a variety of test conditions. Results245

presented by Liu et al [53] for parallel and orthogonal yarns show an increase of the yarn/yarn friction246

coefficient at small sliding speeds and a slight decrease at larger speeds, with higher coefficients for parallel247

yarns, which is also shown in [54]. Results of a benchmark study on commingled fabric/tool friction [55]248

show no statistical effect of the velocity at room temperature (dry friction), while the friction coefficient is249

shown to increase with increasing velocity at temperature above the melting point of the considered matrix.250

Recent work from Montero et al. [56] on yarn/yarn friction reports no effect of the velocity in the case251

of parallel yarns, and a slight increase in orthogonal yarns. These findings are coherent with the results252

obtained for the semipreg which show a limited effect of the shear rate. The absence of statistical difference253

observed here between tests on the consolidated material at 10 mm/min, 265 ◦C and 100 mm/min, 265 ◦C,254

and between tests on the semipreg at 10 mm/min and 100 mm/min can potentially be explained by the255

dispersion induced by the high capacity of the load cell compared to the measured axial forces.256

The phenomenological model used allows for a correct quantitative representation of the material behaviour.257

The deviations observed might be caused by effects unaccounted for in the model such as a potential coupling258
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between the effects of temperature and shear rate, characterization induced errors due to the normalisation259

method employed [57], or by the limitations of the continuous approach which is unable to properly replicate260

the slippage mechanisms, especially in the case of the semipreg.261

Additional problematics have to be considered to propose a comprehensive simulation approach for262

the direct forming of non-consolidated semipreg, as both the infrared heating phase and the impregna-263

tion/reconsolidation will involve different mechanisms. The matrix droplets at the surface of the fabric lead264

to thermal contact resistances that increase temperature gradients through-the-thickness in multiply stacks265

[58]; the thick resin-rich interlayer might affect inter-ply slip behaviour which in turns impacts the magnitude266

of wrinkles [59, 60]. The effect of intra-ply sliding on the quality of impregnation of the final part will also267

have to be investigated [61, 62].268

7. Conclusion & outlook269

The shear behaviour of a novel PA66/glass powder-impregnated woven semipreg was characterized using270

bias-extension tests in its as-received state and after a preconsolidation step. The influence of temperature271

and shear rate has been evaluated in a range representative of the thermoforming process. Results show a272

similar effect of the temperature in both material configurations, with an increase of the shear stiffness with273

decreasing temperature due to changes in the matrix viscosity. While the preconsolidated material shows274

increased shear stiffness at higher crosshead speeds, the semipreg exhibits a less significant dependence to275

shear rate. This behaviour is attributed to different friction mechanisms at the yarn crossover points: dry276

friction for the semipreg, compared to lubricated friction for the preconsolidated composite. Intra-ply slip277

mechanisms in semipregs leads to a characteristic pattern of dry zones and resin-rich boundaries. These278

modification to the local matrix volume fraction can affect the impregnation of the final part.279

A hypoelastic approach was used to describe the mechanical behaviour of the material. The temperature280

and rate dependence observed experimentally were attributed to the in-plane shear term by a multiplicative281

decoupling model, based on phenomenological considerations. Simulations of the bias-extension tests were282

carried out. While the continuous approach was unable to reproduce inter-yarn sliding, the effects of283

temperature and rate were correctly replicated, with the model allowing for a correct prediction of both force284

and shear angle.285

Acknowledgements286

The authors would like to gratefully acknowledge Solvay for funding and providing the materials used in287

this study.288

10



References

[1] Z. Yang, A. Bandivekar, Light-duty vehicle greenhouse gas and fuel economy standards, The International Council on

Clean Transportation .

[2] T. Renault, Developments in thermoplastic composites for automotive applications, in: Franco-British Symposium on

Composite Materials, retrieved from https://uk.ambafrance.org/Summary-Franco-British-Symposium (Nov. 2018), 2015.

[3] M. Hou, Stamp forming of fabric-reinforced thermoplastic composites, Polymer Composites 17 (4) (1996) 596–603,

doi:10.1002/pc.10649.

[4] A. R. Offringa, Thermoplastic composites—rapid processing applications, Composites Part A: Applied Science and

Manufacturing 27 (4) (1996) 329–336, doi:10.1016/1359-835x(95)00048-7.

[5] O. Diestel, J. Hausding, Pre-impregnated Textile Semi-finished Products (Prepregs), in: Textile Materials for Lightweight

Constructions, Springer Berlin Heidelberg, 361–379, doi:10.1007/978-3-662-46341-3-11, 2016.

[6] J. Faraj, N. Boyard, B. Pignon, J.-L. Bailleul, D. Delaunay, G. Orange, Crystallization kinetics of new low viscosity

polyamides 66 for thermoplastic composites processing, Thermochimica Acta 624 (2016) 27–34, doi:10.1016/j.tca.2015.11.025.

[7] P. Boisse, N. Hamila, E. Guzman-Maldonado, A. Madeo, G. Hivet, F. dell’Isola, The bias-extension test for the analysis of

in-plane shear properties of textile composite reinforcements and prepregs: a review, International Journal of Material

Forming 10 (4) (2017) 473–492, doi:10.1007/s12289-016-1294-7.

[8] N. Svensson, R. Shishoo, M. Gilchrist, Manufacturing of Thermoplastic Composites from Commingled Yarns-A Review,

Journal of Thermoplastic Composite Materials 11 (1) (1998) 22–56, doi:10.1177/089270579801100102.

[9] N. Bernet, V. Michaud, P. E. Bourban, J. A. Manson, An Impregnation Model for the Consolidation of Ther-

moplastic Composites Made from Commingled Yarns, Journal of Composite Materials 33 (8) (1999) 751–772, doi:

10.1177/002199839903300806.
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Tables

Table 1: Main material characteristics

Matrix PA66

Fibers E-glass

Weave type Twill 2/2

Warp/weft ratio Balanced

Semipreg style Powder, 2 faces

Areal weight (glass fabric) 600 g m−2

Areal weight (semipreg) 960 g m−2

vf (consolidated) 50/52 %
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Table 2: Material model parameters

Parameter Preconsolidated Semipreg

a1 (MPa) 0.3351 0.3276

a2 (MPa) -0.9356 -0.9040

a3 (MPa) 0.8466 0.8817

D (rad s−1) 2.7251 × 10−3 5.7215 × 10−3

P (-) 3.6578 7.4378

A (-) -6.9429 -10.6933

T0 (K) 495.01 499.97

Figures

1000µm

PA66 droplets Glass yarns

Figure 1: Cross-section micrograph (x50) of the non-consolidated semipreg material, showing warp and weft yarns with polyamide

droplets (highlighted in blue).
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5000µm

Coalesced
PA66 droplets

Figure 2: Surface micrograph of the non-consolidated semipreg, showing the network of coalesced polyamide droplets.
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Figure 5: Grips used for the bias extension tests. Left: top view drawing, right: preconsolidated sample mounted in the grips.
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Figure 7: Preconsolidated sample in (a) undeformed configuration and (b) after 30 mm of extension at 265 ◦C and 1000 mm/min,

with location of the shear angle measurements. The central region undergoing pure shear is highlighted in blue.
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Figure 8: Axial force versus extension curves; semipreg material (SP) at 265 ◦C.
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Figure 9: Average shear stress versus shear angle curves for preconsolidated specimens (CS). Solid and dashed lines represent

tests at 265 ◦C and 280 ◦C respectively.
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Figure 10: Average shear stress versus shear angle curves for semipreg specimens (SP). Solid and dashed lines represent the test

at 265 ◦C and 280 ◦C respectively.
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Figure 11: Detail of a preconsolidated sample at 265 ◦C, 1000 mm/min after 30 mm of extension, with an initially continuous

and straight line showing intra-yarn shear (highlighted in blue).
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Figure 12: Average shear stress versus shear angle curves for the preconsolidated (CS, blue) and semipreg (SP, red) specimens

at 280 ◦C, and dry fabric at room temperature and 10 mm/min.
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265°C 280°C

a. b.

Figure 13: Average relative shear stress difference resulting from: (a) reducing the temperature by 15 ◦C, (b) increasing the

speed by 1 or 2 decades for the preconsolidated (blue) and semipreg (red) specimens.
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Dry fibers

Resin rich
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Figure 14: Semipreg sample at 280 ◦C, 1000 mm/min after (a) 60 mm, (b) 100 mm and (c) 140 mm of extension, showing the

onset of slippage and characteristic pattern of resin-rich areas highlighted in blue.
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Figure 15: Comparison between experimental data and model for preconsolidated specimens (CS) at 265 ◦C (left) and 280 ◦C

(right). The grey surface represent the model prediction.

Figure 16: Comparison between experimental data and model for semipreg specimens (SP) at 265 ◦C (left) and 280 ◦C (right).

The grey surface represent the model prediction.
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Figure 17: Sum of squared relative residuals corrected by number of data points in each configuration.
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a b c
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Figure 18: Simulated shear angle for preconsolidated material (CS) at 1000 mm/min and: (a) 250 ◦C, (b) 265 ◦C, (c) 280 ◦C, at

30 mm extension
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Figure 19: Simulated and averaged experimental axial force for preconsolidated material (CS) at 1000 mm/min
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Figure 20: Error between simulated and experimental shear angle at 1000 mm/min for preconsolidated (CS) and semipreg (SP)
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