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A B S T R A C T

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.

1. Introduction

The use of thermoplastic composites in structural parts is growing in
the automotive industry, as compliance with stricter CO2 emissions
regulations (95 g km−1 by 2020 in the EU, 91 g km−1 by 2025 in the
USA [1]) is pushing the need for lighter structural frame and body
parts. To reach the production rates required by this high-volume
market, manufacturing processes allowing for short cycle times
(< 1min) such as thermoforming have to be used [2]. This process
consists of heating a pre-consolidated blank of thermoplastic composite
in an infrared oven above the melting temperature of the matrix; the
blank is then transferred into a press where it is stamped to shape [3,4].

A potential way of reducing the costs associated with this process
would be to form directly from non-consolidated preforms, thus re-
moving the need for a preliminary consolidation step. This approach is
made especially viable with the recent development of semipreg ma-
terials (powder-impregnated, commingled) that reduce the distance
needed to impregnate the yarns [5], and new formulation of thermo-
plastic polymers presenting a low melt viscosity that allow for con-
solidation with pressures as low as 0.15MPa [6]. Optimizing the
thermoforming of double curvature parts for these materials requires an

understanding of both the mechanical behaviour during the forming
phase (where in-plane shear is the principal mode of deformation [7])
and the impregnation behaviour during the compaction and re-con-
solidation.

Most of the work related to direct forming of semipregs has been
focused on commingled composites, and especially on consolidation
[8]. Bernet et al. [9,10] proposed a model allowing for the prediction of
residual void content in non-isothermal stamp forming of non-con-
solidated, unidirectional commingled yarn fabrics into flat panels,
based on the impregnation of a single representative yarn. Thomann
et al. [11,12] investigated the forming of flat laminates from non-
consolidated PA12-and PBT-carbon fibre commingled yarns, showing
the importance of the commingling quality on the resulting void con-
tent.

Studies published in 2006 [13,14] have shown the viability of
forming more complex parts (either non-developable or developable)
from unconsolidated woven commingled fabric, showing good me-
chanical properties even when compared to their pre-consolidated
counterparts.

Fewer studies have been focused on the use of powder-impregnated
semipregs, where the matrix is deposited with a wet or dry process
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either on the tows before weaving (powder coated towpregs) or directly
on the fabric after weaving. This class of semipreg has the advantage of
being easier to handle as the matrix distribution stabilizes the fabric:
the thermoplastic powder effectively acts as a binder on the dry fabric,
preventing fraying and displacement of the yarns during the cutting and
kitting operations. The drapability at room temperature is however
greatly impeded. Connor et al. [15] used both commingled fabrics and
powder coated towpregs to form corrugated sheets with high processing
rates, resulting in parts with void volume fraction< 2% in both cases.
Even though the commingled material required a higher processing
temperature to reach this void content, the comparison between the
two precursor types is biased by variations in the viscosity of the PA12
grades used.

Several authors have investigated and modelled the shear behaviour
of preconsolidated woven thermoplastic composites [16–19] or com-
mingled fabrics [20–22], showing the influence of the thermo- and rate-
dependent behaviour of the matrix on the shear response. Despite the
intense work in the field of forming of thermoplastic composites, no
studies have yet addressed the shear behaviour of non-consolidated
powder-impregnated woven fabrics, which is primordial for accurate
process simulation.

This paper presents an experimental study on the shear behaviour of
a powder-impregnated PA66/glass woven semipreg in a range of tem-
perature and shear rate relevant to the thermoforming process. The aim
of this work is to characterize the shear behaviour of the material and
its dependence on temperature and rate, in its as-received configuration
and after a preconsolidation step. A full-factorial bias-extension test
program is conducted; experimental data obtained for the consolidated
and non-consolidated material are presented and compared in terms of
shear rate and temperature effect. The ability of a hypoelastic approach
with a multiplicative decoupling shear model to represent the beha-
viour of the semipreg material is assessed.

2. Material

The material used in this study is a twill 2/2 woven glass fabric,
powder-impregnated with polyamide 66 (PA66) and provided by
Solvay. The main characteristics of the fabric are listed in Table 1. The
matrix used is a high fluidity PA66, with a dynamic melt viscosity of
30–50 Pa s at 10s−1 [23]. In its as-received state, the matrix is dis-
tributed as a network of semi-coalesced droplets on both faces of the
fabric, as shown in the micrographs of Figs. 1 and 2.

In contrast with classical powder-impregnation techniques where
the matrix is deposited on fiber tows via solution/slurry processing or
dry powder impregnation [24], the deposition process is conducted
after the weaving operation which helps to reduce the material costs, as
no adaptations are required for the loom; the matrix distribution is,
however, highly heterogeneous through the thickness of the fabric.

A DSC analysis performed at 20∘C/min and presented in Fig. 3
shows a melting temperature of 260∘C and a crystallization temperature
of 225∘C. In the industrial process, the blank is usually preheated up to
30∘C above the melting temperature of the matrix to take into account
the convective cooling during the transfer phase from the heating sta-
tion to the forming station. The relevant thermoforming window for

this material can therefore be considered to be between 235∘C and
295∘C.

2.1. Consolidation

To serve as a reference when comparing with the as-received ma-
terial, single plies of 320× 300mm2 with a± 45∘ orientation were
thermocompressed at 295∘C under 2 bar for 5min in a 1000 kN press
equipped with an induction heated flat mould. The resulting con-
solidated plates present a thickness of 0.51 ± 0.02mm.

3. Experimental procedure

3.1. Bias-extension test

The bias-extension test is a well established test for the

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 gm−2

Areal weight (semipreg) 960 gm−2

vf (consolidated) 50/52%

Fig. 1. Cross-section micrograph (x50) of the non-consolidated semipreg ma-
terial, showing warp and weft yarns with polyamide droplets (highlighted in
blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 2. Surface micrograph of the non-consolidated semipreg, showing the
network of coalesced polyamide droplets.

Fig. 3. DSC analysis: heating/cooling at 20∘C, showing the processing tem-
perature window.



characterization of in-plane shear for woven fabrics, in which a rec-
tangular sample of aspect ratio greater than 2 is subjected to tensile
loading, the initial orientation of the fabric being at 45∘ relative to the
load direction. The kinematics of the test are presented in Fig. 4: as
yarns in the central region of the sample are not clamped, and assuming
no slippage between the warp and weft directions, the central region is
in a state of pure shear [7,22]. As the region closer to the grips does not
contribute to the force measured during the test, the bias-extension test
also presents the advantage of being less sensitive to temperature gra-
dients due to the sample cooling from the grips when compared to the
picture frame test [19] (although modifications to the sample geometry
or picture frame grips can greatly mitigate these effects [25]).

3.2. Experimental set-up

Single ply samples of height =h 250 mm and width =w 100 mm
were cut out of the semipreg and the preconsolidated plates. The spe-
cimens were marked with high-temperature paint to facilitate the post-
processing of the shear angle evolution. To minimize the influence of
moisture on the behaviour of the matrix, all specimens were dried at
80∘C for 12 h as per the manufacturer recommendation prior to testing.
The bias-extension tests were conducted using a MTS 250 kN servo-
hydraulic machine equipped with a 5 kN load cell and a MTS651 en-
vironmental chamber. The accuracy of the load cell at small loads has
been verified with weights between 5N and 100N. Results show the
systematic error and random error below 5% and 10% at 5N respec-
tively, and below 2.5% and 5% for loads above 10N. Purpose-made
grips described in Fig. 5 were used to prevent slippage of the samples.
To ensure proper clamping of the sample above melting temperature,
the grip force is introduced by a combination of set screws and com-
pression springs. Each test was filmed with an Allied Vision AVT Pike
camera to track the evolution of shear angle during the deformation.

To replicate the thermal history seen by the blank in the industrial
thermoforming process, the samples were heated to 295∘C before being
cooled down to the test temperature. The temperature homogenization

steps were kept intentionally short (15min) to limit the thermal oxi-
dation of the PA66. Convection and grips-induced temperature gra-
dients were evaluated prior to testing with thermocouples distributed
along the length of the sample (see Fig. 6). A thermal probe consisting
of a type-K thermocouple held in between two plies of the material (as
proposed in Ref. [26]) was used to monitor the temperature during
testing.

A full factorial experiment with two temperatures in the processing
range (265∘C and 280∘C) and three different speeds (10, 100 and
1000mm/min) was conducted for each material (semipreg and pre-
consolidated). A minimum of three samples were tested per test con-
dition. For the sake of completeness, bias-extension tests were also
conducted on the dry twill fabric at room temperature and 10mm/min.

3.3. Post-processing procedure

As the determination of the shear angle through geometric con-
siderations does not lead to valid results after the onset of sliding [7],
an optical method was used. The images obtained during the test were
post-processed using routines developed in ImageJ [27] and MATLAB:
the shear angle is calculated as the average on three discrete mea-
surements in the central region of the sample as shown in Fig. 7.

Shear force was determined from axial load using the energetic
approach presented by Launay et al. [28], and subsequently reviewed
in Ref. [29], where the power related to the displacement of the grips is
equated with the power needed to shear the different regions of the
sample:
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where Fsh is the normalised shear force, F the axial force as recorded
during the test, γ the shear angle and h and w the sample initial height
and width, respectively (see Fig. 4 for reference). As the shear force is
obtained recursively from the shear force at the half shear angle, line-
arity is assumed at the initial step of the computation:

⎛⎝ ⎞⎠ =F γ F γ
2
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The Cauchy shear stress, assuming the material as a continuous
medium, is then calculated by dividing by the initial sample thickness
[30].

Fig. 4. Kinematics of the bias-extension test. Initial (left) and deformed (right)
sample, showing the non-homogeneous shear stress field.

Fig. 5. Grips used for the bias extension tests. Left: top view drawing, right:
preconsolidated sample mounted in the grips.

Fig. 6. Thermal cycle applied to the sample prior to testing. Thermocouples are
located at the middle of the sample and half-height of the top and bottom non-
sheared regions; dotted lines represent the absolute values of temperature
gradients.



4. Results

The axial force versus extension curves obtained are presented in
Fig. 8 for all test repeats on the semipreg material at 265∘C. The mean
force at each test speed is shown with solid lines, with grey surfaces
representing the standard deviation. The reproducibility of the tests is
good, with standard deviation increasing up to a maximum of 20% after
the onset of sliding (when the specimen is failing).

The resulting shear stress versus shear angle curves are shown in
Figs. 9 and 10 for the preconsolidated and semipreg material respec-
tively. The curves present the same features regardless of the test
conditions: the sample first undergoes a realignment in the plane (as the
heating cycle induces sag). No change in shear angle was observed as
the material became slack from heating, which indicates that the sag
was accommodated by buckling rather than shearing of the sample. As
proposed by Harrison [19], the measured displacement data were
shifted by approximately 1mm to account for this effect. Static friction
initially prevents shearing until the applied load is sufficient; at small
shear angles, the yarns are free to rotate around their crossover points
and the shear stress arises from inter-yarn friction only. As the yarns
gradually come in contact, transverse compaction leads to a gradual
increase in the shear stiffness. The theoretical asymptote of the curve
corresponding to the compaction limit of the yarns is not reached, as

intra-ply slippage mechanisms (crossover and inter-tow slip) become
the primary mode of deformation to accommodate the prescribed dis-
placement [19].

Intra-yarn shear is also observed during the deformation, as can be
seen in Fig. 11 where lines drawn on the undeformed sample present a
loss of continuity due to the rotation of segments on yarns initially
orthogonal to the lines. The low values of maximum shear stresses re-
corded here are attributed to the fabric coarseness (2.6 ends per cm)
and weave style which reduces the waviness and affect the inter-yarn
friction behaviour as reported by Dong et al. [31].

Additional comparison between results for both the preconsolidated

Fig. 7. Preconsolidated sample in (a) undeformed configuration and (b) after
30mm of extension at 265∘C and 1000mm/min, with location of the shear
angle measurements. The central region undergoing pure shear is highlighted in
blue. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 8. Axial force versus extension curves; semipreg material (SP) at 265∘C.

Fig. 9. Average shear stress versus shear angle curves for preconsolidated
specimens (CS). Solid and dashed lines represent tests at 265∘C and 280∘C re-
spectively.

Fig. 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.

Fig. 11. Detail of a preconsolidated sample at 265∘C, 1000mm/min after
30mm of extension, with an initially continuous and straight line showing
intra-yarn shear (highlighted in blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)



and semipreg composite and the dry fabric at 10mm/min are presented
in Fig. 12: the stiffening effect of the matrix is clearly visible, with
values of shear stress for the dry fabric being on average 50% and 30%
of the semipreg and preconsolidated material respectively.

4.1. Temperature effect

The tests conducted at 280∘C and 265∘C show an increase of the
measured shear stress with decreasing temperature for both the pre-
consolidated and semipreg material. Fig. 13 presents the relative effect
on shear stress of: (a) decreasing the temperature from 280∘C to 265∘C
and (b) increasing the test speed by 1 or 2 decades, averaged for shear
angles between 0.1 rad and 0.8 rad to ignore both the initial static
friction and the sliding phase. The consolidated and semipreg material
are denoted by blue and red bars respectively. Temperature is shown to
have a significant effect on the observed behaviour, with the exception
of tests conducted on the preconsolidated material at 10mm/min, for
which the only noticeable difference is the onset of sliding (see Fig. 9).
The effect of temperature on the shear behaviour of woven composites
is well documented in the literature [17,25,32], and is attributed to the
increase in viscosity of the thermoplastic matrix as the material cools
from the melt. A higher viscosity at lower temperatures impedes the
shearing of the yarns that are either fully impregnated (in the case of
the preconsolidated fabric) or sandwiched between polymer rich layers
(in the case of the semipreg).

4.2. Rate effect

Strain rate dependence is not as widely reported as temperature
dependence [25,33], and as a result is not taken into account as often in

modeling approaches [7]. The average effect on the shear stress of in-
creasing the test speed is shown in Fig. 13b. In the case of the pre-
consolidated composite (blue bars), an increase in the strain rate leads
to a significant increase of the shear stress with exception of the tests
conducted at 280∘C and 100mm/min. Higher shear angles before
sliding are also achieved at higher speedsas observed in Fig. 9. In the
case of the semipreg, increasing the test speed from 10 to 100mm/min
does not have a significant effect, withonly tests at 1000mm/min
presenting a slight increase in the observed shear stress.

4.3. Sliding behaviour

Sixteen tests were conducted up to an extension of 150mm to ob-
serve the behaviour of the samples past the onset of sliding. In the case
of semipreg samples where the matrix is located only on the top and
bottom surfaces of the fabric, cross-over slip leads to a characteristic
pattern of visually resin-free macroscopic zones and accumulation of
resin at the boundaries of these zones (see Fig. 14). This behaviour is
assumed to be due to a combination of non-coated surfaces becoming
exposed and resin accretion in the region of yarn crossover opposite to
the direction of sliding. Since the resin is distributed uniformly in the
preconsolidated material, the effect is limited to semipreg samples. The
maximum polymer flow distance to impregnate the yarns can be in-
creased by one order of magnitude; the modification of the local matrix
volume fraction can lead to dry spots after the consolidation of the part
which is detrimental to the resulting mechanical properties.

5. Modeling

Various approaches have been proposed in the recent literature to
model and simulate the behaviour of woven composites during forming.
Discrete approaches have been presented at the microscale [34] or
mesoscale [35] for the draping of dry fabrics; although they allow for
the prediction of loss of cohesion of the fabric or fiber/yarn pull-out, the
computational costs associated with the high number of contact inter-
actions considered limit their use to the simulation of a few unit cells.
Even though the assumptions made are not valid at small scales, semi-
discrete or continuous approaches are more widely used [36–38] within
hyper- or hypoelastic frameworks suited to analysis at large strains.
These approaches allow to take into account the effect of the viscous
matrix in constitutive laws without explicitly modeling it, and recent
studies have been successful in simulating the temperature and rate
dependent behaviours of preconsolidated composites during forming
[17,18]. The approach used here is an extension of the model presented
by Pierce [39] and based on previous work by Khan [40] and Peng
[41]. The model is based on a hypoelastic formulation:=∇σ C D: (3)

where σ is the Cauchy stress tensor, D the strain rate tensor and C a
fourth-order constitutive tensor expressed here in the frame of the fi-
bers. ∇ denotes an objective derivation operator ensuring the absence of

Fig. 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 10mm/min. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 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. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)



spurious stresses from rigid body rotations. Two orthogonal frames
fixed with the fibers directions are constructed and updated using the
deformation gradient tensor F. Commercial finite elements softwares
make use of Jaumann or Green-Naghdi formulations, which are based
on average material rotations (from polar decomposition of the de-
formation gradient, or rotation of the corotational frame). The strains
computed in these frames need to be expressed in the fiber axes before
the constitutive law can be applied. The resulting stress increments are
accumulated in each fiber frame using a mid-point integration before
being summed in the current working frame. Considering elastic tensile
terms E1 and E2 and shear modulus G12 only, the constitutive law in
fiber direction α is then expressed as:⎡
⎣⎢⎢
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where δαi is the Kronecker delta function. The temperature and rate-
dependence is assumed to be related only to the in-plane shear term and
tension/shear couplings are neglected (although recent work has shown
that tension in the yarns can affect the shear response through an in-
crease of the contact forces at crossover points [42]; an uncoupled
model is however sufficient to predict the shear deformation patterns
[43]). The analytical expression of the shear modulus developed by
Machado et al. [32] for preconsolidated composites is used to represent
the nonlinear, temperature and rate-dependent shear behaviour. This
empirical model assumes a multiplicative decoupling between the dif-
ferent effects (eq. (5)).

⎜ ⎟= + + ⎛⎝⎜ + ⎛⎝ ⎞⎠ ⎞⎠⎟⎛⎝ ⎞⎠−
G γ γ T a a γ a γ γ

D
e( , ˙ , ) ( 2 3 ) 1 ˙ P A T T

T12 1 2 3 2
1

0
0
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where a1, a2 and a3 are fit coefficients of the shear stiffness, D and P are
parameters of Cowper-Symonds overstress law [44], and T0 and A are
the reference temperature and temperature scaling factor respectively.

The model parameters have been determined by minimizing the
sum of least square errors associated with each shear stress versus shear
angle/shear rate experimental curve. The specificities of the bias-ex-
tension test lead to a variable shear rate, which was therefore evaluated
by numerical differentiation of the shear angle using finite differences.
The optimization problem was solved using an interior-point algorithm
in MATLAB [45]. The resulting parameters are presented in Table 2,
and Figs. 15 and 16 show the superposition of the model prediction and
average experimental curves in the shear angle/shear rate plane for the
preconsolidated and semipreg composite respectively. The sum of
squared relative residuals for each configuration, divided by the cor-
responding number of data points, is presented in Fig. 17. The model
provides a correct description of the behaviour in both cases, including
the lower sensitivity of the semipreg to temperature and rate as can be
seen in the values of the temperature scaling factor and exponent of the
Cowper-Symonds law.

The model has been implemented in Abaqus/Explicit by means of a
VUMAT user subroutine. Isothermal bias-extension simulations were
conducted to validate the model at various temperatures. Under-in-
tegrated shell elements with temperature degree of freedom and ap-
proximate size of 7× 7 mm2 were used; to avoid numerical tension
locking issues described by Hamila and Boisse [46], the mesh has been
aligned with the initial warp and weft yarn directions.

Fig. 18 presents the simulated shear angle distribution in a pre-
consolidated sample at different temperatures, at an extension of
30mm. The different zones predicted by the theory are clearly defined.
The maximum value of simulated shear angle is increasing at higher
temperatures, as the shear stiffness of the material decreases; this is also
shown in the case of forming simulations [16]. The simulated axial
force required to stretch the sample during the test is plotted in Fig. 19
at 1000mm/min. The axial force is underestimated at low shear angles
( <γ 0.1 rad), as the fit function used in the model does not reproduce
the sharp increase in axial force observed at the transition between the
static and kinetic friction regimes. At high shear angles, the simulation
predicts a higher axial force than measured experimentally. The effect
of temperature on the measured force is however accurately re-
produced. The error between simulation and experimental shear angle
measurement is plotted in Fig. 20 for a variety of configurations. The
simulation overestimates the shear angle in all cases and the error in-
creases noticeably at higher extension, up to a value of 10∘ at 65mm.
These differences are partly due to the inability of the continuous ap-
proach used in representing the locking and subsequent sliding of the
discrete yarns.

6. Discussion

The experimental test campaign has outlined differences in the
shear behaviour of the preconsolidated and semipreg composites, the
latter presenting a lower dependence on the test temperature and vir-
tually no dependence on the shear rate. These differences are likely due
to the spatial distribution of the resin within the woven reinforcement,
as other parameters are kept identical. The stresses generated during
the in-plane shear of woven fabrics are due initially to inter-yarn fric-
tion and at large shear angles to transverse compression [47]. In the
case of single preconsolidated plies sheared at high temperatures, the

Fig. 14. Semipreg sample at 280∘C, 1000mm/min after (a) 60mm, (b) 100mm and (c) 140mm of extension, showing the onset of slippage and characteristic pattern
of resin-rich areas highlighted in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

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



thermoplastic matrix has two competitive effects: it decreases inter-tow
friction by acting as a lubricant, but its viscosity also restricts the
macroscopic movements of the yarns in a rate-sensitive fashion [48,49].
This behaviour is consistent with the results presented here with a
stiffening of the shear response at higher testing speeds, and corrobo-
rated by results on temperature and rate dependent fabric/fabric lu-
bricated friction coefficients presented in the literature [50–52].

In the case of the semipreg, the matrix is present only on the ap-
parent surfaces of the woven fabric and the yarn crossover points are
dry. The evolution of friction coefficients for dry fabric/fabric, fabric/
tool or yarn/yarn as a function of velocity has been extensively studied,
in a variety of test conditions. Results presented by Liu et al. [53] for
parallel and orthogonal yarns show an increase of the yarn/yarn fric-
tion coefficient at small sliding speeds and a slight decrease at larger
speeds, with higher coefficients for parallel yarns, which is also shown
in Ref. [54]. Results of a benchmark study on commingled fabric/tool
friction [55] show no statistical effect of the velocity at room tem-
perature (dry friction), while the friction coefficient is shown to in-
crease with increasing velocity at temperature above the melting point
of the considered matrix. Recent work from Montero et al. [56] on
yarn/yarn friction reports no effect of the velocity in the case of parallel
yarns, and a slight increase in orthogonal yarns. These findings are
coherent with the results obtained for the semipreg which show a
limited effect of the shear rate. The absence of statistical difference
observed here between tests on the consolidated material at 10mm/
min, 265∘C and 100mm/min, 265∘C, and between tests on the semipreg
at 10mm/min and 100mm/min can potentially be explained by the
dispersion induced by the high capacity of the load cell compared to the
measured axial forces.

The phenomenological model used allows for a correct quantitative
representation of the material behaviour. The deviations observed
might be caused by effects unaccounted for in the model such as a
potential coupling between the effects of temperature and shear rate,

characterization induced errors due to the normalisation method em-
ployed [57], or by the limitations of the continuous approach which is
unable to properly replicate the slippage mechanisms, especially in the
case of the semipreg.

Additional problematics have to be considered to propose a com-
prehensive simulation approach for the direct forming of non-con-
solidated semipreg, as both the infrared heating phase and the im-
pregnation/reconsolidation will involve different mechanisms. The
matrix droplets at the surface of the fabric lead to thermal contact re-
sistances that increase temperature gradients through-the-thickness in
multiply stacks [58]; the thick resin-rich interlayer might affect inter-
ply slip behaviour which in turns impacts the magnitude of wrinkles
[59,60]. The effect of intra-ply sliding on the quality of impregnation of
the final part will also have to be investigated [61,62].

Fig. 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.

Fig. 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.

Fig. 17. Sum of squared relative residuals corrected by number of data points in
each configuration.



7. Conclusion & outlook

The shear behaviour of a novel PA66/glass powder-impregnated
woven semipreg was characterized using bias-extension tests in its as-
received state and after a preconsolidation step. The influence of tem-
perature and shear rate has been evaluated in a range representative of
the thermoforming process. Results show a similar effect of the tem-
perature in both material configurations, with an increase of the shear
stiffness with decreasing temperature due to changes in the matrix
viscosity. While the preconsolidated material shows increased shear
stiffness at higher crosshead speeds, the semipreg exhibits a less sig-
nificant dependence to shear rate. This behaviour is attributed to dif-
ferent friction mechanisms at the yarn crossover points: dry friction for
the semipreg, compared to lubricated friction for the preconsolidated
composite. Intra-ply slip mechanisms in semipregs leads to a char-
acteristic pattern of dry zones and resin-rich boundaries. These mod-
ification to the local matrix volume fraction can affect the impregnation
of the final part.

A hypoelastic approach was used to describe the mechanical beha-
viour of the material. The temperature and rate dependence observed
experimentally were attributed to the in-plane shear term by a multi-
plicative decoupling model, based on phenomenological considera-
tions. Simulations of the bias-extension tests were carried out. While
the continuous approach was unable to reproduce inter-yarn sliding,
the effects of temperature and rate were correctly replicated, with the
model allowing for a correct prediction of both force and shear angle.
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