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a b s t r a c t 

This paper presents an experimental investigation of injection-moulded short glass-fibre reinforced polyamide-6 
reinforced with 0 wt.%, 15 wt.% and 30 wt.% fibres. The fibre orientation distributions are characterized by use 
of X-ray computed tomography. A shell-core-shell structure is found through the thickness of the materials, where 
the predominant fibre orientation is along the mould flow direction (MFD) in the shell layers and perpendicular 
to the MFD in the core layer. To study the mechanical behaviour, uniaxial tensile tests are conducted in seven 
directions relative to the MFD. The tests are instrumented with two cameras, which allows for accurate mea- 
surement of all strain components. The fibre-reinforced materials show moderate to high degree of anisotropy, 
increasing with the fibre content. Young’s modulus, in-plane and out-of-plane Poisson’s ratio, stress at maximum 

force and fracture strain vary smoothly with the in-plane specimen angle. It is demonstrated that orthotropic 
elasticity is an excellent approximation for the anisotropic elastic behaviour of the fibre-reinforced materials. 
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. Introduction 

The present study is limited to short glass-fibre reinforced thermo-
lastics produced by injection moulding. Injection moulding is an attrac-
ive production method which allows for rapid processing, low cost at
igh production volumes and large flexibility in design geometry, where
ultiple functions can be integrated in one part. The structural perfor-
ance of this material class may reach high levels and even challenge

he use of metals in load-bearing components. The automotive indus-
ry uses short glass-fibre reinforced polymers in structural applications,
here examples include engine mounts, intake manifolds, front-end car-

iers and clutch pedals. 
A fibre contributes to stiffness and strength in the direction of its

xis, which makes the orientations of the fibres crucial for the mechani-
al properties of the composite material. The fibre orientations are gov-
rned by the melt flow and depend on a number of factors such as mould
eometry, injection gate positions, injection speed, barrel temperature,
ould temperature, mould thickness, notches, sharp corners and fibre

ontent [1–3] . Furthermore, fibres tend to break during the moulding
rocess, which typically results in Weibull-shaped fibre length distri-
utions with peak between 100 and 600 μm and maximum fibre length
elow 1–2 mm [2–8] . Today, fibre orientation and length measurements
re typically obtained from volumetric X-ray computed tomography (X-
T) images. 
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Among the large number of publications, there is consensus on a five-
ayered skin-shell-core-shell-skin structure of fibre orientations through
he thickness of a plate [2,6,7,9–18] . Many authors neglect the very thin
kin layers, which typically are dominated by randomly oriented fibres,
n their representation of the material. Hence, it is common to consider
 structure with three layers where the predominant fibre orientation
n the core and shells is, respectively, transverse and longitudinal to
he mould flow direction (MFD). The fibre content is generally reported
o be higher in the core layer than in the shell layers and the relative
hickness of each layer depends on the materials (e.g. fibre content)
nd the processing parameters (e.g. flow speed, viscosity, polymer and
ould temperature). The out-of-plane orientation component is gener-

lly small in plates, but large values are reported at weld lines and near
bstacles such as notches [19–21] . Furthermore, the fibre length and
rientation distributions seem to be correlated, where the orientation of
horter fibres is more random than the orientation of longer fibres [3,6] .

The shell-core-shell structure of fibre orientations generally makes
uch materials anisotropic. Material anisotropy is usually examined by
ff-axis tensile tests, where the off-axis angle is the in-plane rotation
relative to the MFD) of the specimen and pull direction. Previous in-
estigations show that the tensile stiffness and strength tend to decrease
s the off-axis angle increases, where similar values are found between
5° and 90° [2,6,9,10,12,14,15,22–24] . When it comes to ductility, the
racture strain is lowest in the 0°-direction and the majority of the stud-
es find that the fracture strain is larger for 45° specimens than for 90°
pecimens. 
20 
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Table 1 

Measured density 𝜌 and fibre weight frac- 
tion w f , and estimated fibre volume fraction 
v f . 

Material 𝜌 [kg/m 

3 ] w f [–] v f [–] 

PA 1137 – –

PA15 1232 0.1366 0.064 

PA30 1359 0.2904 0.152 
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Limiting the attention to the response in the MFD, Young’s modu-
us increases both with the stiffness of the matrix material and the fibre
ontent, where some studies also find that the increase with the fibre
ontent is linear [25–32] . On the other hand, Young’s modulus seems
ndependent of the fibre length as long as the fibres are longer than a
ritical value [32,33] . The tensile strength in the MFD is reported to in-
rease linearly with the fibre content at low contents and non-linearly
t high contents [26–31] . The fibre lengths play a role for the strength,
hich is found to increase rapidly with the fibre length for short fi-
res and to approach an asymptotic value for longer fibres [25,27,34] .
he fracture strain in the MFD decreases with increasing fibre content
25,26,28,29] . The effect of the fibre diameter on elastic mechanical
roperties is generally small [35] . 

Studies on the off-axis behaviour of short fibre-reinforced thermo-
lastics typically report the stress-strain curves with the corresponding
tiffness, strength and fracture strain values, but other aspects are sel-
om considered. Some improvements of particular interest are to study
he response for an increased number of off-axis angles compared with
he commonly applied 0°, 45° and 90° directions, to characterize the ma-
rix material to have a reference for the fibre-reinforced material and to
pply digital image correlation (DIC) to measure the local deformations.
he latter allows for accurate measurements of transverse strains, het-
rogeneities of the strain fields and localized deformation, which may
ive valuable insight in the material behaviour. All these topics are ad-
ressed in this paper. 

Design of load-bearing components made of short glass-fibre rein-
orced thermoplastics requires not only a thorough understanding of
he mechanical behaviour, but also reliable, accurate and efficient ma-
erial models for use in finite element simulations. Models for this class
f materials are either formulated on the macroscopic level, using e.g.
rthotropic elasticity, or as micromechanical models, where computa-
ions are performed directly on the material phases. A number of promis-
ng macroscopic models incorporating anisotropy have been proposed
or short glass-fibre reinforced thermoplastics [22,23,36–45] . Microme-
hanical models usually require information about the fibre content and
rientations and the mechanical properties of the fibre and matrix ma-
erials. Such information is, however, seldom provided in experimental
tudies. More high-quality experiments are also needed for validation
f representative volume element (RVE) simulations, which have be-
ome a very useful approach for studying the material behaviour (see
.g. [46–50] ). 

The primary objective of this paper is to study the anisotropic
aterial behaviour of injection-moulded short glass-fibre reinforced
olyamide-6, using tests properly instrumented for DIC analysis of
ll strain components. The secondary objective is to generate a test
atabase incorporating information from fibre orientation measure-
ents and uniaxial tension tests of fibre-reinforced and unreinforced
aterial, which may support phenomenological and micromechanical
odelling of such materials. 

The paper is organized as follows. First, the three materials are pre-
ented, namely the unreinforced polyamide-6 (PA) and the short E-glass-
bre reinforced polyamide-6 with 15 wt.% (PA15) and 30 wt.% (PA30)
bres. Second, computed tomography (CT) is applied to determine the
robability density functions of the projected fibre angles (henceforth
eferred to as FODs) for the two glass-fibre reinforced materials. Third,
uasi-static tensile tests instrumented with two digital cameras are per-
ormed in seven directions for the materials with 15 wt.% and 30 wt.%
bres and three directions for unreinforced polyamide-6. Results are
iscussed consecutively, while the supplementary material to this arti-
le, available through Mendeley Data [51] , provides more details of the
ensile experiments. The paper is rounded off with conclusions. 

. Materials 

All three materials are sold under commercial trade names by
 global producer of polymer materials and marketed as suitable
or injection moulding, where the polyamide-6 matrix of the three
aterials is supposed to be the same. The materials were delivered as

njection-moulded rectangular plates with nominal measures 200 mm
140 mm × 3 mm (long, wide and thick). 
The density 𝜌 and fibre weight fraction w f were measured by SINTEF

ndustry (Oslo, Norway) using one single sample extracted near the plate
entre. The fibre weight fraction w f was found by burning off the matrix
aterial under controlled conditions (gradually increasing the temper-

ture to 550° over 300 min and holding at 550° for 30 min). The fibre
olume fraction v f is often a parameter in constitutive models, which
ay be estimated from 

 f = 1 − 

ρ
ρm 

(
1 − 𝑤 f 

)
(1) 

here 𝜌m 

and 𝜌 are, respectively, the density of the matrix and fibre-
einforced material. A derivation of Eq. (1) is provided in the supple-
entary material. Results from the measurements and estimations are

iven in Table 1 . 
Hygroscopic effects in polyamides substantially influence the me-

hanical behaviour [52,53] and the water content of the three materials
as therefore measured at the time of testing by baking a few dedicated

amples in an oven at 80° for 14 days. For all materials, the measured
ater content was approximately 0.9 wt.%. 

. Characterization of the fibre phase 

.1. Setup 

For both PA15 and PA30, one column-shaped specimen with square
ross-section was prepared for X-ray computed tomography (X-CT)
nvestigation, as illustrated in Fig. 1 (a). The longitudinal direction of
he specimen was oriented in the MFD and the width and thickness of
he cross-section (approximately 3 mm × 3 mm) were equal to the
late thickness. The column was centred in the transverse direction of
he plate and extracted such that the approximately 5 mm long scanned
egion (coloured yellow in the figure) was located close to the plate
entre in the longitudinal direction. A Nikon XT H 225 ST scanner
RECX Laboratory, Department of Physics, NTNU, Norway) with the
can parameters listed in Table 2 was used to acquire the images, where
he resulting characteristic voxel size of 2.70 μm is small enough to
nsure multiple voxels in the radial direction of the fibres. 

The two datasets of projected X-ray images were reconstructed using
he software CT Pro 3D (version XT 3.1.3, Nikon Metrology). The Fiber
omposite Material Analysis Module in VGStudio MAX 3.0 was applied
o calculate the projected fibre angles 𝛼, 𝛽 and 𝛾 in the three coordi-
ate planes, defined in Fig. 1 , and to construct FODs. The fibre volume
raction was computed with the Advanced Surface Determination tool
n VGStudio MAX 3.0, but was underestimated compared to the values
rovided in Table 1 . To account for this, the measured through-thickness
ariation of fibre volume content was normalized and scaled such that
he mean fibre volume fraction corresponds to the values in Table 1 . 

.2. Results and discussion 

Fig. 2 (a) shows the probability density functions of the projected fi-
re angles (FODs) for the scanned volume of the PA15. A narrow FOD
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Fig. 1. (a) Extraction of column-shaped spec- 
imen for X-CT imaging and reference coordi- 
nate system for the quantitative fibre analy- 
sis, where the yellow region corresponds to the 
scanned part of the specimen. Projected fibre 
angles (b) 𝛼, (c) 𝛽 and (d) 𝛾 are computed in 
the xy -, xz - and yz -plane, respectively. 

Fig. 2. Quantitative analysis of fibre orientation in PA15. (a) Comparison of FODs in the xy -, xz - and yz -plane. (b) Orientation tensor components and fibre volume 
content through the thickness for fibres projected to the xy -plane. (c) ROIs illustrated in the xz -plane. (d) FODs in the xy -plane for the ROIs. 

Table 2 

Parameters applied in the X-CT scans. 

Voltage Current Exposure Gain Proj. Frames Magni- Voxel Target 
angles per proj. fication size mat. 

[kV] [μA] [μs] [dB] [–] [–] [–] [μm] [–] 

60 300 2000 24 1500 4 74.08 2.70 Mo 
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round 0° is found for fibres projected to the xz - and yz -plane, which
mplies that the out-of-plane fibre orientation component is generally
mall. In the xy -plane (the plate plane), the FOD is nearly random with
inor peaks at ± 15°. Fig. 2 (b) displays the through-thickness variation

f the components of the second-order orientation tensor O [54] for
A15, where O is constructed such that the diagonal elements represent
he degree of alignment in the x -, y - and z -direction, and O xx + O yy +
 zz = 1. The degree of alignment with the MFD ( O xx ) is largest near

he surfaces and decreases gradually towards the core layer, where the
eak of O yy indicates that the probability of fibre alignment perpendic-
lar to the MFD is very high. Defining the core layer thickness as twice
he distance from the intersection point of the curves O xx ( z ) and O yy ( z )
or negative z to z = 0, the core layer of PA15 measures 374 μm, which
s 13% of the total thickness. Fig. 2 (b) shows also the fibre volume frac-
ion through the thickness, which apparently is nearly constant with a
mall peak of increased fibre content in the core layer. A final important
bservation from Fig. 2 (b) is that the orientation tensor component O zz 

s negligible through the entire thickness. Thus, the fibres are in general
ocated in the xy -plane, and 𝛼 is the interesting one of the three angles
efined in Fig. 1 . FODs in the xy -plane are computed for PA15 in the
egions of interest (ROIs) illustrated in Fig. 2 (c), where each ROI spans
ver a limited proportion of the thickness and the complete width and
ength of the scanned sample shown in Fig. 1 (a). Fig. 2 (d) presents the
esults, and we observe that the predominant fibre orientation is perpen-
icular to the MFD in the core and much more uniform in the two other
ayers. The noise in the measurements is probably explained by the rel-
tively low number of fibres included in the analysis of each layer. Note
hat the tendency of alignment with the MFD increases slightly with the
istance from the core, as previously indicated by the orientation tensor
omponents. We also observe that the global FOD in the xy -plane for the
ntire volume is nearly random despite the through-thickness variation
f fibre orientations. 

Fig. 3 (a) shows FODs for the scanned volume of PA30. Here, we ob-
erve that the mean projected fibre orientation in all planes is 0°. Again,
he distributions in the xz - and yz -plane are relatively narrow, which
mplies that the out-of-plane component is generally small and that the
robability of large out-of-plane angles is very low. In the plate plane,
owever, all fibre angles are well represented and we observe a mi-
or and major peak, respectively, for fibre angles transverse and along
he MFD. The orientation tensor components O xx and O yy in Fig. 3 (b)
ndicate that the degree of alignment in the MFD is high close to the
urfaces and decreases rather rapidly when approaching the core layer,
here the fibre alignment is perpendicular to the MFD. This tendency

s much more pronounced for PA30 than for PA15. Again, the out-of-
lane component O zz is negligible. Fig. 3 (b) shows also that the fibre
ontent in the core is approximately twice as high as in the shell lay-
rs. This observation is in accordance with findings reported by Rolland
t al. [7] and Sun et al. [55] . By defining the core layer thickness as the
egion where O yy ( z ) > O xx ( z ), the core layer measures 515 μm, corre-
ponding to 17% of the total plate thickness. The FODs in the xy -plane
f PA30 are computed for the ROIs illustrated in Fig. 3 (c) and the re-
ults are presented in Fig. 3 (d). A bell-shaped distribution centred at
 90° (perpendicular to the MFD) is observed in the core layer, while
lmost random fibre orientations are found in the transition regions on
oth sides of the core (Layer 1). The mean fibre orientation in Layer
 through 4 is along the MFD and the degree of alignment with the
FD increases with increasing distance from the core. The contribu-

ion from the fibres in the core to the global FOD is substantial due to
he relatively large core layer thickness and the high fibre volume frac-
ion in the core. Finally, Fig. 3 (e) shows the fibres in the PA30 sample
ith a colour overlay, where the colour of each fibre corresponds to the
rojected angle in the xy -plane. The layered structure is clearly visible.
lustering of fibres is common both in the shell layers and the core of
he PA30 material, a phenomenon which was less frequently observed
or PA15. Our observations regarding the fibre orientations for the PA30
re in accordance with studies on similar materials [2,6,7,9–18] , while
he amount of relevant data for materials with 15 wt.% of fibres is very
imited. 

The fibre diameters and lengths were estimated from the 3D datasets
y manually measuring single fibres with a measurement tool available
n ImageJ [56] . The mean diameter of ten random fibres was chosen as
 representative value of the fibre diameter, and the result was 13.5 μm
nd 12.6 μm for PA15 and PA30, respectively. The difference between
he two estimated diameters is probably explained by the small sample
izes or differences in contrast in the two datasets. Next, the length of
00 adjacent fibres in one of the shells was measured and the results
re presented in Fig. 4 . Out-of-plane measurements were unfortunately
ot available from the applied tool, implying that the registered data
re the lengths projected to the xy -plane. This will obviously shift the
istributions towards shorter lengths, but the effect is probably limited
ue to the generally small out-of-plane orientation component. The es-
imated mean fibre length for PA15 and PA30 was 430 μm and 371 μm,
espectively, and the corresponding mean fibre aspect ratios are 32 and
9. It is emphasized that the presented diameter and length measure-
ents must be considered as rough estimates due to the small sample

izes and the lack of 3D measurements. The shape of the fibre length
istributions in Fig. 4 , including the fibre length at the peak, is similar
o fibre length distributions found in the literature [2–8] . 

. Tensile tests 

.1. Experimental programme 

To characterize the anisotropic mechanical behaviour of the materi-
ls, tensile tests were performed using specimens extracted at angles 𝜃
f 0°, 15°, 30°, 45°, 60°, 75° and 90° relative to the MFD for PA15 and
A30, see Fig. 5 . For the unreinforced PA, 0°-, 45°- and 90°-specimens
ere applied. Generally, three replicate tests were carried out for each

ombination of material and angle. 

.2. Setup of tension tests 

The experimental setup applied in the mechanical tests includes the
est rig (Instron 5566 test machine with a 10 kN load cell), test spec-
men, specimen support, two digital cameras and a few light sources.
ll tests were performed at room temperature and the crosshead was
oved vertically at a constant speed until the specimen fractured. 

The deformations of the specimen’s surface were measured using
he finite element-based digital image correlation (DIC) software eCorr

57,58] . A black and white speckle pattern was applied on the speci-
ens prior to testing. The sightlines of the two cameras were directed
erpendicularly to each other; Camera 1 towards the wide surface of
pecimen and Camera 2 towards the through-thickness side. The camera
esolution was 34 pixels/mm and 65 pixels/mm for the unreinforced and
bre-reinforced materials, respectively, and a DIC element size around
0 × 30 pixels 2 was applied for all materials. The reported DIC element
trains are logarithmic coordinate strains, where the reference coordi-
ate system is selected such that the local x 1 -axis is parallel to the force
irection, the local x 2 -axis is directed across the width of the specimen,
nd the x 3 -axis is through the thickness of the specimen. It was verified
hat the longitudinal strain obtained from the two cameras coincides up
o maximum force, whereas a small difference of no significance was
bserved by the end of the tests. 

A new tensile test specimen for fibre-reinforced polymers, shown in
ig. 6 (a) and (b), was designed from FE simulations and a handful of
hysical experiments. The specimen is supported by pins to avoid the
etrimental moments which may occur for clamped supports, does not
equire end tabs and is relatively short compared to conventional spec-
mens since the deformations are measured by DIC instead of an exten-
ometer. Numerical simulations demonstrated that a radius of curvature
f 40 mm gives a rather small stress concentration at the specimen shoul-
er without making the specimen impractically long. A similar specimen
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Fig. 3. Quantitative analysis of fibre orientation in PA30. (a) Comparison of FODs in the xy -, xz - and yz -plane. (b) Orientation tensor components and fibre volume 
content through the thickness for fibres projected to the xy -plane. (c) ROIs illustrated in the xz -plane. (d) FODs in the xy -plane for the ROIs. (e) Colour overlay of 
fibre angles when fibres are projected to the xy -plane. 
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Fig. 4. Fibre length distribution for 100 fibres in one of the shell layers of (a) PA15 and (b) PA30. 

Fig. 5. Definition the specimen orientation angle 𝜃. MFD = Mould Flow Direc- 
tion and the coordinate system is the same as in Fig. 1 . 
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eometry was applied by Mortazavian and Fatemi [6] . For unreinforced
olyamide, it was necessary to strengthen the specimen around the holes
y bonding four steel plates to the polymer using a structural adhesive
3M Scotch-Weld DP8805NS), see Fig. 6 (c). The surfaces to be bonded
ere prepared according to the guidelines of the adhesive, and a clamp-

ng jig with tightening bolts was used to obtain a uniform pressure on
he four steel plates during curing of the adhesive. 

Three tensile test specimens with the same material orientation
ere extracted from each injection-moulded plate. Illustrations of the
pproximate locations of the specimens are found in the supplementary
ig. 6. (a) Geometry of the tensile test specimen (dimensions given in mm) and im
aterial. 
aterial. For the reference 0°-direction, however, six specimens were
repared (using two plates). Measurements of the specimen dimensions
re reported in the supplementary material. A crosshead velocity of
.5 mm/min was used in most of the tensile tests, which resulted in
easured elastic strain rates in the gauge section of 0.8 × 10 − 3 s − 1 for

he fibre reinforced material and 1.4 × 10 − 3 s − 1 for the unreinforced
aterial. The comparably higher rate is due to the bonded steel plates,
hich limit the local deformations around the holes of the specimens.

mages were acquired at either 5 or 8 frames per second, which for the
bre-reinforced materials typically resulted in between 300 and 600

mages from each camera per test. 

.3. Treatment of measured data 

The unreinforced PA material deformed homogeneously before the
eformation eventually localized and a stable neck was formed. For this
aterial, a representative measure of each strain component was ob-

ained as the mean of the element values in the DIC element row centred
n the neck, as demonstrated for Camera 1 in Fig. 7 (a). 

For the fibre-reinforced materials, however, highly inhomogeneous
train fields developed from early in the tests, as we observe in Fig. 7 (b).
 few tensile tests without painted surfaces revealed that the inhomo-
eneities are caused by small cracks in the specimen surfaces, similar
o observations presented by Nouri et al. [59] . Furthermore, from
round maximum force until the end of the tests, the strain localized
n a region of higher strain. To handle both the inhomogeneous strain
elds and the localized deformation, the representative value of each
ages of the specimens used for the (b) fibre-reinforced and (c) unreinforced 
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Fig. 7. (a) Strain measure and Region Of Interest (ROI) used for tensile tests of unreinforced PA. (b) The 𝜀 11 strain field shortly after maximum force in a tensile 
test in the 0°-direction of PA15. 

Fig. 8. Illustration of the ROI used in the local strain measure applied in the tensile tests on fibre-reinforced PA and the vectors used to define a comparative global 
strain measure, shown for the (a) wide and (b) through-thickness side of the specimen. The element strain values by the end of the test are here plotted for the 
undeformed configuration (reference image) and the colours blue and red correspond to low and high strain, respectively. (c) Comparison of stress-strain curves 
based on the local and the global strain measures for a few representative tests. 
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train component was calculated as the mean element strain within
 local region of interest (ROI) with length equal to the specimen
hickness, as illustrated in Fig. 8 (a) and (b). The ROI was positioned to
he region within the gauge section with highest strain and the position
as correlated between the two cameras. This strain is thus a local
easure of the deformation in the neck. In addition, a global strain
easure was defined. The global strain was calculated as the mean

ogarithmic strain of five parallel vectors in the longitudinal as well
s transverse direction, also illustrated in Fig. 8 (a) and (b). The global
train measure is compared to the local one in Fig. 8 (c). As expected,
he two measures coincide up to maximum force, while the local strain
easure provides higher strains in the last part of tests where localized
eformation occurs. Throughout this work, the local strain measure is
pplied for the fibre-reinforced materials. 

The applied stress measure is true stress, calculated as 

= 

𝐹 

𝐴 

= 

𝐹 

𝑤 0 𝜆2 𝑡 0 𝜆3 
= 

𝐹 

𝐴 0 exp ( 𝜀 22 + 𝜀 33 ) 
(2)

here F is the force, A is the current area, A 0 is the initial area, w 0 

nd t 0 are the initial width and thickness, 𝜆2 and 𝜆3 are the stretches
n the width and thickness direction, respectively, while 𝜀 22 and 𝜀 33 

re the synchronized logarithmic transverse strains obtained from the
ocal ROIs defined in Fig. 8 . The elastic coefficients, namely Young’s
odulus E , in-plane Poisson’s ratio 𝜈in-plane and out-of-plane Poisson’s

atio 𝜈out-of-plane , as well as the elastic strain rate, were computed by
erforming a linear regression on the relevant response curves within
he interval between 10% and 40% of maximum force, for which the
esponse was linear. 

.4. Results and discussion 

The stress-strain curves for all tests on unreinforced PA are plotted in
ig. 9 (a). The material shows a typical response for thermoplastics, in-
orporating a well-defined yield point and significant strain hardening.
he “knee ” of the stress-strain curve corresponds to the local maximum
f the measured force, which also coincides with the onset of necking.
ome of the tensile tests of unreinforced PA were terminated prior to
aterial failure and the presented curves are therefore cut at a strain

qual to 1.0, well beyond relevant strain levels for the fibre-reinforced
aterials. Although not shown here, the 0°-specimens fractured before

he material was cold-drawn contrary to the 45°- and 90°-specimens.
he unreinforced PA is clearly an anisotropic material. 

Stress-strain curves from the tensile tests on PA15 are plotted in
ig. 9 (b). Common to all tests is a linear part followed by a transition
egion where the tangent modulus is reduced from Young’s modulus to
ero, which occurs around maximum force, and finally a region of nearly
onstant stress until fracture. The material is rather ductile for all angles
and necking is clearly visible before fracture. In the figure, a running

verage measure is applied to represent the mean behaviour of repli-
ate tests. The measure is obtained by first interpolating the stress-strain
urves to a linearly spaced strain vector and then averaging the stress
alues at each discrete strain value. With this measure, a jump appears
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Fig. 9. Stress–strain curves from tensile tests of (a) PA (cut at a strain equal to 1.0), (b) PA15 and (c) PA30, whereas (d) compares the running averages of the 
stress-strain curves for the three materials. The specimen angles are defined in Fig. 5 (a). 
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Table 3 

Mean values of Young’s modulus E , stress at maximum force 𝜎Fmax , 
ultimate strain 𝜀 ult , in-plane Poisson’s ratio 𝜈in-plane and out-of-plane 
Poisson’s ratio 𝜈out-of-plane from the tensile tests of PA, PA15 and 
PA30. 

Material 𝜃 E 𝜎Fmax 𝜀 ult 𝜈in-plane 𝜈out-of-plane 

[deg] [MPa] [MPa] [–] [–] [–] 

PA 0 3106 70.9 0.38 0.37 

45 2531 66.0 0.34 0.41 

90 2497 60.3 0.31 0.46 

PA15 0 4558 98.7 0.188 0.41 0.42 

15 4565 97.7 0.183 0.42 0.44 

30 4394 94.6 0.206 0.40 0.46 

45 4273 91.2 0.218 0.39 0.40 

60 3970 88.2 0.221 0.34 0.46 

75 3879 86.4 0.209 0.33 0.50 

90 3838 85.5 0.218 0.32 0.48 

PA30 0 7319 136.2 0.059 0.41 0.39 

15 7006 130.2 0.070 0.41 0.45 

30 5902 116.7 0.094 0.42 0.41 

45 5122 103.1 0.145 0.41 0.42 

60 4987 99.8 0.112 0.33 0.43 

75 4974 97.8 0.078 0.25 0.50 

90 4967 98.3 0.069 0.23 0.53 
hen one of replicate tests ends, and the ultimate strain of the running
verage measure is selected as the mean ultimate strain of the replicate
ests. Fig. 9 (c) plots the stress-strain curves for PA30 and we observe
urves with similar shape as described for PA15, except for a more pro-
ounced anisotropy and much larger variation in ultimate strain with
he specimen angle. 

Fig. 9 (d) compares the running averages of the stress-strain curves
or PA, PA15 and PA30. As expected, increasing the fibre content in-
reases the stiffness and maximum stress and reduces the ductility of
he material. Furthermore, it is clear that the anisotropy increases with
he amount of glass fibres. This is also expected, both since increasing
he fraction of fibres, which are anisotropic by nature, will increase the
nisotropy of the composite material and because the FOD of PA30 is
ighly non-uniform ( Fig. 3 (d)) unlike the FOD of PA15 ( Fig. 2 (d)). PA15
nd PA30 show nearly constant stress levels after maximum force un-
il fracture, despite the substantial strain hardening observed above 7%
train for the matrix material. This suggests that, in the region of nearly
onstant stress, the softening caused by damage in the composite ma-
erials approximately levels out the hardening provided by the matrix
aterial. Also, the local strain measure applied in this work promotes
 true stress level that exhibits less softening than observed in previous
tudies [2,6,22,23] . 

Fig. 10 plots the elastic coefficients from the tensile tests of PA, PA15
nd PA30 as function of specimen orientation, where the mean values of
he presented data are given in Table 3 . According to Fig. 10 (a), Young’s
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Fig. 10. (a) Young’s modulus E for all materials. In-plane and out-of-plane Poisson’s ratio, 𝜈in-plane and 𝜈out-of-plane , for (b) PA, (c) PA15 and (d) PA30. Mean values 
of the plotted quantities are given in Table 3 . 

Table 4 

Calibrated engineering constants of orthotropic elasticity for PA15 and PA30. 

Material E 1 E 2 E 3 𝜈12 𝜈23 𝜈31 G 12 G 23 G 31 

[MPa] [MPa] [MPa] [–] [–] [–] [MPa] [MPa] [MPa] 

PA15 4558 3838 4198 0.40 0.48 0.39 1540 1334 1334 

PA30 7319 4967 6143 0.38 0.53 0.33 1820 1475 1475 
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odulus is generally highest for the 0°-direction and lowest for the 90°-
irection. For the fibre-reinforced materials, similar values are seen be-
ween 45° and 90°, and the evolution for increasing specimen angles
ollows the general trend typical for this material class [6,9] . Fig. 10 (a)
lso presents Young’s modulus of orthotropic elasticity calibrated for
A15 and PA30, a topic which is further discussed shortly. 

Fig. 10 (b), (c) and (d) show that all materials PA, PA15 and PA30 dis-
lay large variation in Poisson’s ratio with specimen angle. The general
rend is that in-plane values decrease and out-of-plane values increase
or increasing specimen angles, but this effect is smaller for the less
nisotropic material PA15 compared to PA30. For PA30, the predomi-
ant fibre orientation is along the MFD and, as expected, a substantially
ower in-plane Poisson’s ratio is measured for the 90° specimens com-
ared to the 0° specimens. Recall that the classic bounds for Poisson’s
atio − 1 < 𝜈 < 0.5 are limited to isotropic materials and that the val-
es exceeding these limits may be physically admissible for anisotropic
aterials. 

Orthotropic elasticity was calibrated for PA15 and PA30 using the
rocedure explained in Appendix B , and the values of the calibrated
lastic constants are given in Table 4 . Fig. 10 (a), (c) and (d) compare
rthotropic elasticity with experimental data, where Eqs. (B.4), (B.5)
nd (B.6) are used to plot the elastic coefficients as function of pull
irection. We observe that orthotropic elasticity indeed is a very good
pproximation for these materials, which is in accordance with findings
resented by others [6,9,17] . The results also demonstrate the close link
etween in-plane and out-of-plane Poisson’s ratios, and that orthotropic
lasticity captures the behaviour seen in the experiments. 

Fig. 11 presents the evolution of transverse strains as retraction ra-
ios, computed as –𝜀 22 / 𝜀 11 and –𝜀 33 / 𝜀 11 for in-plane and out-of-plane
ransverse strains, respectively. Results from replicate tests are com-
ined by using the running average measure described earlier, which is
efined such that a jump appears whenever one of the replicate tests
nds. The main observation from Fig. 11 is that the retraction ratio
emains relatively constant throughout the deformation sequence at a
alue near the Poisson’s ratio. This finding may be of practical relevance
or the development of material models for short fibre-reinforced poly-
ers. More noise is seen for the out-of-plane measurements than for the

n-plane measurements, possibly explained by the difference in ROI size
sed for the strain measures (see Fig. 7 (a) and (b)). 

Stress at maximum force 𝜎Fmax is plotted for the three materials
n Fig. 12 (a), and we observe curves with similar shape as was seen
or Young’s modulus in Fig. 10 (a), where highest values are measured
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Fig. 11. Evolution of transverse strains as function of longitudinal strain, presented as retraction ratios. (a) In-plane, PA15, (b) out-of-plane, PA15, (c) in-plane, 
PA30, and (d) out-of-plane, PA30. 
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or 0° specimens and lowest for 90° specimens. Unreinforced PA and
A15, which has a nearly random FOD in the plate plane, show similar
nisotropy in measured values of both Young’s modulus and stress at
aximum force. This indicates that the matrix material contributes to

he anisotropy in the composite material and that the contribution may
e of the same order of magnitude as the contribution from the fibres
hen the fibre content is moderate and the degree of fibre alignment
ith the MFD is small. 

Ultimate strain 𝜀 ult from the tensile tests of PA15 and PA30 is plot-
ed in Fig. 12 (b). PA15 fractures at strain around 0.20 for all mate-
ial orientations, but a weak tendency of increasing ductility with spec-
men orientation is observed. Note that the scatter in ultimate strain
or PA15 is relatively high. For specimen directions 0°, 15° and 30°,
he three specimens from each plate are extracted from side-by-side
ocations (see figure in the supplementary material), and the scatter
n the results is at least partly related to the fact that the FOD is not
qual in the centre and left/right location of the plates. In fact, for
hese three specimen directions, the largest values of ultimate strain
re from the specimen in the centre. For PA30 we observe that the spec-
mens at the intermediate specimen angles show substantially higher
uctility than the 0°- and 90°-specimens, which is a common observa-
ion for short fibre-reinforced thermoplastics at similar fibre contents
6,9,10,12,14,22–24] . In Fig. 12 (c), the ultimate strains are plotted to-
ether with the fibre orientation distributions (plotted as function of 𝜃
nstead of 𝛼). For the materials investigated here, the ultimate strain in
 given direction seems to be lower when the amount of glass fibres in
his direction is high and vice versa. 
Fig. 13 presents contour plots of the coordinate strain 𝜀 11 (along the
ull-direction) at the end of the tests for a selection of representative
ests, where the specimens are rotated according to the pull-direction
uch that the MFD is horizontal for all specimens. Slanted bands of lo-
alized deformation are seen for intermediate specimen angles, and the
rientation of the bands is close to parallel with the predominant fi-
re orientation direction, particularly for 45°-specimens. To the authors’
est knowledge, such strain fields have not been reported for injection-
oulded fibre-reinforced polymers before. Sket et al. [60] , however,
resent similar strain fields for a tensile specimen made of carbon fi-
res and epoxy resin prepreg sheets (stacking sequence of [ ± 45°] 2s ),
nd stated that the largest strains were found in a shear band along
he fibre direction. Similar results were also reported by Totry et al.
61] , who investigated shear stress parallel to the fibres in unidirec-
ional laminates. Both experiments and micro-mechanical simulations
howed that shear along the fibres induces localized deformations in a
hear band in the matrix, parallel to the fibres. Experimental evidence is
lso provided by Mortazavian and Fatemi [6] , who investigated the off-
xis tensile behaviour of a 35 wt.% glass-fibre-reinforced polyamide-6,
pparently very similar to the PA30 material used in this work. Scan-
ing electron microscopy (SEM) images of the fracture surfaces showed
hat brittle matrix fracture occurred in the shells both for 0°- and 90°-
pecimens. For 45°-specimens, however, significant plastic deformation
as observed in the shells parallel to the predominant fibre orientation

along the MFD). Mortazavian and Fatemi [6] suggest that the increased
uctility in the 45°-direction is caused by lower constraining effect of the
bres and more pronounced matrix shear band formation. 
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Fig. 12. (a) Stress at maximum force 𝜎Fmax and (b) ultimate strain 𝜀 ult , where the mean values of the plotted quantities are given in Table 3 . (c) Relation between 
ultimate strains and the fibre orientation distributions ( Fig. 2 (a) and 3 (a)). 

Fig. 13. Contour plots of the coordinate strain 
𝜀 11 (along the pull-direction) immediately be- 
fore failure for representative tests of PA30. 
The strain fields are displayed on the reverse 
side of the specimens compared to Fig. 6 (b), 
which explains why the specimens are rotated 
counterclockwise. 
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Fig. B1. In-plane coordinate transformation applied to an orthotropic elas- 
tic material, where the principal material coordinate system (black) coincides 
with the global coordinate system and the rotated coordinate system (green) is 
marked in with an overbar. 
. Conclusions 

This paper presents an experimental study on the anisotropic ten-
ile behaviour of injection-moulded unreinforced polyamide-6 (PA) and
hort glass-fibre reinforced polyamide-6 with 15 wt.% (PA15) and 30
t.% (PA30) fibres. The main findings include: 

• Characterization of the fibre phase : The fibre-reinforced materials ex-
hibit a three-layered shell-core-shell structure with predominant fi-
bre orientation along and perpendicular to the mould flow direction
(MFD) in the shells and core, respectively. The degree of alignment
along MFD is largest far from the core and the out-of-plane fibre ori-
entation component is generally small. In average, the FOD in the
xy -plane for PA15 is nearly uniform, while for PA30, a major peak is
present for fibres orientated along the MFD. The fibre volume con-
tent is higher in the core layer compared to the shell layers and the
thickness of the core layer increases with the fibre content, which
makes the core layer more important at higher fibre contents. 

• Off-axis tensile tests : Instrumentation with two digital cameras facil-
itates precise measurements of longitudinal strain and both trans-
verse strain components. The use of a local strain measure enables
for increased accuracy in reported values of stress and strain. The
stiffness and stress at maximum force increase with the fibre content
whereas the ductility decreases. For the fibre-reinforced materials,
Young’s modulus and stress at maximum force are largest in the 0°-
direction and tend to decrease as the off-axis angle increases, where
similar values are found between 45° and 90°. Generally, the in-plane
Poisson’s ratio decreases and the out-of-plane value increases for an
increasing angle between the tensile axis and the MFD, particularly
from 45° to 90°. The transverse strains evolve nearly linearly with the
longitudinal strain throughout the deformation sequence. For PA30,
the ultimate strain is substantially higher for intermediate specimen
angles and the strain fields revealed a slanted region of increased
deformation across the specimen, presumably a shear-like deforma-
tion mechanism. Results also indicate that when the relative amount
of glass fibres in a given direction is high, the ultimate strain in that
direction is low and vice versa. PA15 and PA30 are considered to be
moderately and highly anisotropic materials, respectively, but the
anisotropy of PA15 seems to strongly depend on the anisotropy of
the polyamide matrix. Further, it was demonstrated that orthotropic
elasticity is an excellent approximation for the fibre-reinforced ma-
terials investigated in this work. 
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ppendix A. Supplementary data 

Supplementary data for this article is available through Mendeley
ata [51] , and includes the following: a conversion-equation from fibre
eight to fibre volume fraction, measurements of the specimen dimen-

ions, locations of the specimens in the injection-moulded plates and,
nally, all plotted data as text files. 
ppendix B. Calibration procedure for orthotropic elasticity 

We present a calibration procedure of orthotropic elasticity for short
bre-reinforced polymers, which requires 0°, 45° and 90° tensile tests
f the fibre-reinforced polymer and one tensile test of the unreinforced
olymer. It is assumed that the longitudinal, transverse and through-
hickness strains are measured during testing. 

Hooke’s law (adopting Voigt form) expressed in the principal mate-
ial coordinate system of an orthotropic elastic material reads (see e.g.
62] ) 

𝝈 = 𝑪 𝜺 
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(B.1) 

here 𝝈 and 𝜺 are the stress and strain vector, respectively, and 𝑪 is the
tiffness matrix, which is the inverse of the compliance matrix 𝑺 , i.e.
 = 𝑪 

−1 . The engineering constants of orthotropic elasticity are E 1 , E 2 ,
 3 , 𝜈12 , 𝜈21 , 𝜈23 , 𝜈32 , 𝜈31 , 𝜈13 , G 12 , G 23 and G 31 , where symmetry of the
ompliance matrix implies the relationships 
𝜈12 
𝐸 1 

= 

𝜈21 
𝐸 2 

, 
𝜈13 
𝐸 1 

= 

𝜈31 
𝐸 3 

, 
𝜈23 
𝐸 2 

= 

𝜈32 
𝐸 3 

(B.2)

We now consider the orthotropic elastic material in a coordinate sys-
em rotated with angle 𝛼 about the x 3 -axis, as illustrated in Fig. B1 . The
nverse of Hooke’s law (on Voigt form) then takes the following form 

�̄� = �̄� ̄𝝈
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(B.3) 

here �̄� and �̄� are the strains and stresses expressed in the rotated co-
rdinate system and �̄� is the corresponding compliance matrix which
elates �̄� and �̄� (see Nemeth [63] or Holmström [64] for details of the
erivation). The elements of �̄� are listed in Table B1 , and may e.g. be
sed for plotting the engineering constants as function of the angle 𝛼. 

Table B2 summarizes the applied procedure for calibration of the
ngineering constants of orthotropic elasticity for short fibre-reinforced
olymers, and we will in the following discuss some of the choices made.

E 1 , E 2 , 𝜈12 , 𝜈21 , 𝜈23 and 𝜈13 may be calibrated directly from the
esults of the 0° and 90° tensile tests of the fibre-reinforced material.
he value of 𝜈12 should, however, be slightly adjusted to fulfil the over-
etermined equation 𝜈12 / E 1 = 𝜈21 / E 2 in an optimal way. 

Next, we will derive an expression for calibration for the G 12 -value.
oordinate transformations are applied to express the shear strain in the

https://doi.org/10.13039/501100005416
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Table B1 

Elements of the compliance matrix �̄� in Eq. (B.3) of an orthotropic elastic ma- 
terial expressed in the coordinate system defined by 𝛼 in Fig. B1 . The elements 
𝑆 ij are given in Eq. (B.1) , where symmetry implies �̄� ij = �̄� ji , and c = cos( 𝛼) and 
s = sin( 𝛼). 

�̄� 11 = 
1 
�̄� 1 

= 𝑐 4 𝑆 11 + 𝑠 4 𝑆 22 + 𝑐 2 𝑠 2 (2 𝑆 12 + 𝑆 66 ) 
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4 
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(B . 4) 
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+ 1 
𝐸 2 

− 1 
𝐺 12 

)
− ( 𝑐 4 + 𝑠 4 ) 𝜈12 

𝐸 1 
(B . 5) 

�̄� 13 = − 
�̄�31 
�̄� 3 

= − �̄�13 
�̄� 1 

= 𝑐 2 𝑆 13 + 𝑠 2 𝑆 23 = − 𝑐 2 
𝜈13 
𝐸 1 

− 𝑠 2 𝜈23 
𝐸 2 

(B . 6) 

�̄� 16 = 𝑐 𝑠 ( 𝑐 2 − 𝑠 2 )(2 𝑆 12 + 𝑆 66 ) + 2 𝑐𝑠 ( 𝑠 2 𝑆 22 − 𝑐 2 𝑆 11 ) 
= 𝑐 𝑠 

[
( 𝑐 2 − 𝑠 2 ) 

(
1 

𝐺 12 
− 2 𝜈12 

𝐸 1 

)
+ 2 

(
𝑠 2 

𝐸 2 
− 𝑐 

2 

𝐸 1 

)]
(B . 7) 

�̄� 22 = 
1 
�̄� 2 

= 𝑠 4 𝑆 11 + 𝑐 4 𝑆 22 + 𝑐 2 𝑠 2 (2 𝑆 12 + 𝑆 66 ) 

= 𝑠 
4 

𝐸 1 
+ 𝑐 

4 

𝐸 2 
+ 𝑐 2 𝑠 2 

(
1 

𝐺 12 
− 2 𝜈12 

𝐸 1 

)
(B . 8) 

�̄� 23 = − 
�̄�32 
�̄� 3 

= − �̄�23 
�̄� 2 

= 𝑐 2 𝑆 23 + 𝑠 2 𝑆 13 = − 𝑐 2 
𝜈23 
𝐸 2 

− 𝑠 2 𝜈13 
𝐸 1 

(B . 9) 

�̄� 26 = 𝑐 𝑠 ( 𝑠 2 − 𝑐 2 )(2 𝑆 12 + 𝑆 66 ) + 2 𝑐 𝑠 ( 𝑐 2 𝑆 22 − 𝑠 2 𝑆 11 ) 
= 𝑐 𝑠 

[
( 𝑠 2 − 𝑐 2 ) 

(
1 

𝐺 12 
− 2 𝜈12 

𝐸 1 

)
+ 2 

(
𝑐 2 

𝐸 2 
− 𝑠 

2 

𝐸 1 

)]
(B . 10) 

�̄� 33 = 
1 
�̄� 3 

= 𝑆 33 = 
1 
𝐸 3 

(B . 11) 

�̄� 36 = 2 𝑐𝑠 ( 𝑆 23 − 𝑆 13 ) = 2 𝑐𝑠 
(

𝜈13 
𝐸 1 

− 𝜈23 
𝐸 2 

)
(B . 12) 

�̄� 44 = 
1 

�̄� 23 
= 𝑐 2 𝑆 44 + 𝑠 2 𝑆 55 = 

𝑐 2 

𝐺 23 
+ 𝑠 2 

𝐺 31 
(B . 13) 

�̄� 45 = 𝑐𝑠 ( 𝑆 44 − 𝑆 55 ) = 𝑐𝑠 
(

1 
𝐺 23 

− 1 
𝐺 31 

)
(B . 14) 

�̄� 55 = 
1 

�̄� 31 
= 𝑠 2 𝑆 44 + 𝑐 2 𝑆 55 = 

𝑠 2 

𝐺 23 
+ 𝑐 2 

𝐺 31 
(B . 15) 

�̄� 66 = 
1 

�̄� 12 
= 4 𝑐 2 𝑠 2 ( 𝑆 11 + 𝑆 22 − 2 𝑆 12 ) + ( 𝑐 2 − 𝑠 2 ) 2 𝑆 66 
= 4 𝑐 2 𝑠 2 

(
1 
𝐸 1 

+ 1 
𝐸 2 

+ 2 𝜈12 
𝐸 1 

)
+ ( 𝑐 2 − 𝑠 2 ) 2 1 

𝐺 12 
(B . 16) 

Table B2 

Applied calibration procedure for the engineering constants of 
orthotropic elasticity. 

Constant Calibration experiment Calibration equation 

E 1 0° 𝐸 1 = 
𝜎11 
𝜀 11 

𝜈12 0° 𝜈12 = − 
𝜀 22 
𝜀 11 

𝜈13 0° 𝜈13 = − 
𝜀 33 
𝜀 11 

E 2 90° 𝐸 2 = 
𝜎22 
𝜀 22 

𝜈21 90° 𝜈21 = − 
𝜀 11 
𝜀 22 

𝜈23 90° 𝜈23 = − 
𝜀 33 
𝜀 22 

G 12 45° 𝐺 12 = 
𝜎12 
𝛾12 

= �̄� 1 , 45 ◦

2(1+ ̄𝜈12 , 45 ◦ ) 

E 3 
Assumed values 

𝐸 3 = 0 . 5( 𝐸 1 + 𝐸 2 ) 
G 31 𝐺 31 = 0 . 5( 𝐺 matrix + 𝐺 12 ) 
G 23 𝐺 23 = 0 . 5( 𝐺 matrix + 𝐺 12 ) 

𝜈31 𝜈31 = 𝜈13 
𝐸 3 
𝐸 1 

𝜈32 𝜈32 = 𝜈23 
𝐸 3 
𝐸 2 
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rincipal material coordinate system, 𝛾12 , as function of the strains in
he local coordinate coordinate system of a test (see e.g. [64] for the
erivation), 

12 = �̄�12 
(
cos 2 ( 𝛼) − sin 2 ( 𝛼) 

)
+ 2 cos ( 𝛼) sin ( 𝛼) ̄𝜀 11 − 2 cos ( 𝛼) sin ( 𝛼) ̄𝜀 22 (B.17)

here 𝛼 refer to Fig. B1 . Note that for the particular choice of 𝛼 = 45°,
his expression reduces to 𝛾12 = �̄� 11 , 45 ◦ − �̄� 22 , 45 ◦ . A corresponding expres-
ion is obtained for the shear stress 𝜎12 as 

12 = �̄�12 
(
cos 2 ( 𝛼) − sin 2 ( 𝛼) 

)
+ cos ( 𝛼) sin ( 𝛼) ̄𝜎11 − cos ( 𝛼) sin ( 𝛼) ̄𝜎22 (B.18)

 tensile test has (at least ideally) boundary conditions �̄�11 ≠ 0 and �̄�22 
 �̄�12 = 0, which for 𝛼 = 45° gives 𝜎12 = �̄�11 , 45 ◦/2 from Eq. (B.18) and

̄11 , 45 ◦ = �̄� 1 , 45 ◦ �̄� 11 , 45 ◦ from Eq. (B.3) . In the principal material coordi-
ate system, there is no coupling between shear and normal stresses
nd Hooke’s law gives us the relation G 12 = 𝜎12 / 𝛾12 . By inserting the
xpressions for 𝛾 and 𝜎 from Eqs. (B.17) and (B.18) , we obtain an
12 12 
xpression for G 12 as 

 12 = 

𝜎12 
𝛾12 

= 

�̄� 1 , 45 ◦ �̄� 11 , 45 ◦

2( ̄𝜀 11 , 45 ◦ − �̄� 22 , 45 ◦ ) 
= 

�̄� 1 , 45 ◦

2(1 + ̄𝜈12 , 45 ◦ ) 
(B.19)

Values for the engineering constants E 3 , G 31 and G 23 are not possi-
le to obtain from in-plane tensile tests and little relevant information is
vailable in the literature. Results from a study presented by Ayadi et al.
17] indicate, however, that E 3 is closer to E 1 than to E 2 for an injection-
oulded fibre-reinforced polyamide, apparently very similar to the ma-

erials investigated in this work. Based on this, it is here assumed that
 3 = 0.5( E 1 + E 2 ). The expression for G 12 in Eq. (B.19) demonstrates
hat the shear modulus in a given plane is highly dependent on Young’s
odulus in 45° of that plane, which again depends on the amount of
bres around this direction. The FODs for fibres projected to the three
oordinate planes, presented in Figs. 2 (a) and 3 (a), show a significantly
ower fraction of fibres oriented at angles around ± 45° in the xz - and
z -plane compared to in the xy -plane. The corresponding planes in the
oordinate system in Fig. B1 are the 31-, 23- and 12-plane. Hence, it
s expected that the values of G 31 and G 23 are similar but lower than
 12 . A lower bound for the shear modulus of the composite material is,
owever, the shear modulus of the matrix material, which may be es-
imated as G matrix = 0.5 E /(1 + 𝜈) assuming that the matrix material is
sotropic. In this work, the values for G 31 and G 23 are approximated as
he average value of the shear modulus of the matrix material, G matrix ,
nd the calculated shear modulus G 12 of the composite material. 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.jcomc.2020.100019 . 
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