Composites Part C: Open Access 2 (2020) 100019

journal homepage: www.elsevier.com/locate/jcomc

Contents lists available at ScienceDirect

Composites Part C: Open Access

composites
el =

Anisotropic tensile behaviour of short glass-fibre reinforced polyamide-6 N

Petter Henrik Holmstrém %", Odd Sture Hopperstad *", Arild Holm Clausen ®"

Check for
updates

a Department of Structural Engineering, Structural Impact Laboratory (SIMLab), Norwegian University of Science and Technology (NTNU), Trondheim, NO 7491,

Norway
b Centre for Advanced Structural Analysis (CASA), NTNU, Trondheim, NO 7491, Norway

ARTICLE INFO ABSTRACT

Keywords:

Polymer-matrix composites (PMCs)
Discontinuous fibres

Polyamide-6

Mechanical properties

Anisotropy

CT analysis

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.

1. Introduction

The present study is limited to short glass-fibre reinforced thermo-
plastics produced by injection moulding. Injection moulding is an attrac-
tive production method which allows for rapid processing, low cost at
high production volumes and large flexibility in design geometry, where
multiple functions can be integrated in one part. The structural perfor-
mance of this material class may reach high levels and even challenge
the use of metals in load-bearing components. The automotive indus-
try uses short glass-fibre reinforced polymers in structural applications,
where examples include engine mounts, intake manifolds, front-end car-
riers and clutch pedals.

A fibre contributes to stiffness and strength in the direction of its
axis, which makes the orientations of the fibres crucial for the mechani-
cal properties of the composite material. The fibre orientations are gov-
erned by the melt flow and depend on a number of factors such as mould
geometry, injection gate positions, injection speed, barrel temperature,
mould temperature, mould thickness, notches, sharp corners and fibre
content [1-3]. Furthermore, fibres tend to break during the moulding
process, which typically results in Weibull-shaped fibre length distri-
butions with peak between 100 and 600 pm and maximum fibre length
below 1-2 mm [2-8]. Today, fibre orientation and length measurements
are typically obtained from volumetric X-ray computed tomography (X-
CT) images.
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Among the large number of publications, there is consensus on a five-
layered skin-shell-core-shell-skin structure of fibre orientations through
the thickness of a plate [2,6,7,9-18]. Many authors neglect the very thin
skin layers, which typically are dominated by randomly oriented fibres,
in their representation of the material. Hence, it is common to consider
a structure with three layers where the predominant fibre orientation
in the core and shells is, respectively, transverse and longitudinal to
the mould flow direction (MFD). The fibre content is generally reported
to be higher in the core layer than in the shell layers and the relative
thickness of each layer depends on the materials (e.g. fibre content)
and the processing parameters (e.g. flow speed, viscosity, polymer and
mould temperature). The out-of-plane orientation component is gener-
ally small in plates, but large values are reported at weld lines and near
obstacles such as notches [19-21]. Furthermore, the fibre length and
orientation distributions seem to be correlated, where the orientation of
shorter fibres is more random than the orientation of longer fibres [3,6].

The shell-core-shell structure of fibre orientations generally makes
such materials anisotropic. Material anisotropy is usually examined by
off-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-
vestigations show that the tensile stiffness and strength tend to decrease
as the off-axis angle increases, where similar values are found between
45° and 90° [2,6,9,10,12,14,15,22-24]. When it comes to ductility, the
fracture strain is lowest in the 0°-direction and the majority of the stud-
ies find that the fracture strain is larger for 45° specimens than for 90°
specimens.

Received 3 June 2020; Received in revised form 3 July 2020; Accepted 14 August 2020
2666-6820/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.jcomc.2020.100019
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jcomc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcomc.2020.100019&domain=pdf
mailto:petter.h.holmstrom@ntnu.no
https://doi.org/10.1016/j.jcomc.2020.100019
http://creativecommons.org/licenses/by-nc-nd/4.0/

P.H. Holmstrém, O.S. Hopperstad and A.H. Clausen

Limiting the attention to the response in the MFD, Young’s modu-
lus increases both with the stiffness of the matrix material and the fibre
content, where some studies also find that the increase with the fibre
content is linear [25-32]. On the other hand, Young’s modulus seems
independent of the fibre length as long as the fibres are longer than a
critical value [32,33]. The tensile strength in the MFD is reported to in-
crease linearly with the fibre content at low contents and non-linearly
at high contents [26-31]. The fibre lengths play a role for the strength,
which is found to increase rapidly with the fibre length for short fi-
bres and to approach an asymptotic value for longer fibres [25,27,34].
The fracture strain in the MFD decreases with increasing fibre content
[25,26,28,29]. The effect of the fibre diameter on elastic mechanical
properties is generally small [35].

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

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

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

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

2. Materials

All three materials are sold under commercial trade names by
a global producer of polymer materials and marketed as suitable
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Table 1
Measured density p and fibre weight frac-
tion wy, and estimated fibre volume fraction

V.
Material ~ p [kg/m®]  w; [-] vt [-]
PA 1137 - -
PA15 1232 0.1366 0.064
PA30 1359 0.2904  0.152

for injection moulding, where the polyamide-6 matrix of the three
materials is supposed to be the same. The materials were delivered as
injection-moulded rectangular plates with nominal measures 200 mm
X 140 mm X 3 mm (long, wide and thick).

The density p and fibre weight fraction w; were measured by SINTEF
Industry (Oslo, Norway) using one single sample extracted near the plate
centre. The fibre weight fraction w; was found by burning off the matrix
material under controlled conditions (gradually increasing the temper-
ature to 550° over 300 min and holding at 550° for 30 min). The fibre
volume fraction v; is often a parameter in constitutive models, which
may be estimated from

vp=1- L (1= w) M)
Pm
where p,, and p are, respectively, the density of the matrix and fibre-
reinforced material. A derivation of Eq. (1) is provided in the supple-
mentary material. Results from the measurements and estimations are
given in Table 1.

Hygroscopic effects in polyamides substantially influence the me-
chanical behaviour [52,53] and the water content of the three materials
was therefore measured at the time of testing by baking a few dedicated
samples in an oven at 80° for 14 days. For all materials, the measured
water content was approximately 0.9 wt.%.

3. Characterization of the fibre phase
3.1. Setup

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

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

3.2. Results and discussion

Fig. 2(a) shows the probability density functions of the projected fi-
bre angles (FODs) for the scanned volume of the PA15. A narrow FOD
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3 mm 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) a, (c¢) p and (d) y are computed in
the xy-, xz- and yz-plane, respectively.
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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. (¢) 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] [nA] [us] [dB] [-] [-] [-] [nm] [-]

60 300 2000 24 1500 4 74.08 2.70 Mo
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around 0° is found for fibres projected to the xz- and yz-plane, which
implies that the out-of-plane fibre orientation component is generally
small. In the xy-plane (the plate plane), the FOD is nearly random with
minor peaks at +15°. Fig. 2(b) displays the through-thickness variation
of the components of the second-order orientation tensor O [54] for
PA15, where O is constructed such that the diagonal elements represent
the degree of alignment in the x-, y- and z-direction, and O, + Oy, +
0,, = 1. The degree of alignment with the MFD (O,,) is largest near
the surfaces and decreases gradually towards the core layer, where the
peak of O, indicates that the probability of fibre alignment perpendic-
ular to the MFD is very high. Defining the core layer thickness as twice
the distance from the intersection point of the curves O,,(2) and Oyy(z)
for negative z to z = 0, the core layer of PA15 measures 374 pm, which
is 13% of the total thickness. Fig. 2(b) shows also the fibre volume frac-
tion through the thickness, which apparently is nearly constant with a
small peak of increased fibre content in the core layer. A final important
observation from Fig. 2(b) is that the orientation tensor component O,,
is negligible through the entire thickness. Thus, the fibres are in general
located in the xy-plane, and « is the interesting one of the three angles
defined in Fig. 1. FODs in the xy-plane are computed for PA15 in the
regions of interest (ROIs) illustrated in Fig. 2(c), where each ROI spans
over a limited proportion of the thickness and the complete width and
length of the scanned sample shown in Fig. 1(a). Fig. 2(d) presents the
results, and we observe that the predominant fibre orientation is perpen-
dicular to the MFD in the core and much more uniform in the two other
layers. The noise in the measurements is probably explained by the rel-
atively low number of fibres included in the analysis of each layer. Note
that the tendency of alignment with the MFD increases slightly with the
distance from the core, as previously indicated by the orientation tensor
components. We also observe that the global FOD in the xy-plane for the
entire volume is nearly random despite the through-thickness variation
of fibre orientations.

Fig. 3(a) shows FODs for the scanned volume of PA30. Here, we ob-
serve that the mean projected fibre orientation in all planes is 0°. Again,
the distributions in the xz- and yz-plane are relatively narrow, which
implies that the out-of-plane component is generally small and that the
probability of large out-of-plane angles is very low. In the plate plane,
however, all fibre angles are well represented and we observe a mi-
nor and major peak, respectively, for fibre angles transverse and along
the MFD. The orientation tensor components O,, and O, in Fig. 3(b)
indicate that the degree of alignment in the MFD is high close to the
surfaces and decreases rather rapidly when approaching the core layer,
where the fibre alignment is perpendicular to the MFD. This tendency
is much more pronounced for PA30 than for PA15. Again, the out-of-
plane component O,, is negligible. Fig. 3(b) shows also that the fibre
content in the core is approximately twice as high as in the shell lay-
ers. This observation is in accordance with findings reported by Rolland
et al. [7] and Sun et al. [55]. By defining the core layer thickness as the
region where 0,,(2) > 04, (2), the core layer measures 515 um, corre-
sponding to 17% of the total plate thickness. The FODs in the xy-plane
of PA30 are computed for the ROIs illustrated in Fig. 3(c) and the re-
sults are presented in Fig. 3(d). A bell-shaped distribution centred at
+90° (perpendicular to the MFD) is observed in the core layer, while
almost random fibre orientations are found in the transition regions on
both sides of the core (Layer 1). The mean fibre orientation in Layer
2 through 4 is along the MFD and the degree of alignment with the
MFD increases with increasing distance from the core. The contribu-
tion from the fibres in the core to the global FOD is substantial due to
the relatively large core layer thickness and the high fibre volume frac-
tion in the core. Finally, Fig. 3(e) shows the fibres in the PA30 sample
with a colour overlay, where the colour of each fibre corresponds to the
projected angle in the xy-plane. The layered structure is clearly visible.
Clustering of fibres is common both in the shell layers and the core of
the PA30 material, a phenomenon which was less frequently observed
for PA15. Our observations regarding the fibre orientations for the PA30
are in accordance with studies on similar materials [2,6,7,9-18], while
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the amount of relevant data for materials with 15 wt.% of fibres is very
limited.

The fibre diameters and lengths were estimated from the 3D datasets
by manually measuring single fibres with a measurement tool available
in ImageJ [56]. The mean diameter of ten random fibres was chosen as
a representative value of the fibre diameter, and the result was 13.5 um
and 12.6 um for PA15 and PA30, respectively. The difference between
the two estimated diameters is probably explained by the small sample
sizes or differences in contrast in the two datasets. Next, the length of
100 adjacent fibres in one of the shells was measured and the results
are presented in Fig. 4. Out-of-plane measurements were unfortunately
not available from the applied tool, implying that the registered data
are the lengths projected to the xy-plane. This will obviously shift the
distributions towards shorter lengths, but the effect is probably limited
due to the generally small out-of-plane orientation component. The es-
timated mean fibre length for PA15 and PA30 was 430 um and 371 pm,
respectively, and the corresponding mean fibre aspect ratios are 32 and
29. It is emphasized that the presented diameter and length measure-
ments must be considered as rough estimates due to the small sample
sizes and the lack of 3D measurements. The shape of the fibre length
distributions in Fig. 4, including the fibre length at the peak, is similar
to fibre length distributions found in the literature [2-8].

4. Tensile tests
4.1. Experimental programme

To characterize the anisotropic mechanical behaviour of the materi-
als, tensile tests were performed using specimens extracted at angles 0
of 0°, 15°, 30°, 45°, 60°, 75° and 90° relative to the MFD for PA15 and
PA30, see Fig. 5. For the unreinforced PA, 0°-, 45°- and 90°-specimens
were applied. Generally, three replicate tests were carried out for each
combination of material and angle.

4.2. Setup of tension tests

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

The deformations of the specimen’s surface were measured using
the finite element-based digital image correlation (DIC) software eCorr
[57,58]. A black and white speckle pattern was applied on the speci-
mens prior to testing. The sightlines of the two cameras were directed
perpendicularly to each other; Camera 1 towards the wide surface of
specimen and Camera 2 towards the through-thickness side. The camera
resolution was 34 pixels/mm and 65 pixels/mm for the unreinforced and
fibre-reinforced materials, respectively, and a DIC element size around
30 x 30 pixels? was applied for all materials. The reported DIC element
strains are logarithmic coordinate strains, where the reference coordi-
nate system is selected such that the local x; -axis is parallel to the force
direction, the local x,-axis is directed across the width of the specimen,
and the x3-axis is through the thickness of the specimen. It was verified
that the longitudinal strain obtained from the two cameras coincides up
to maximum force, whereas a small difference of no significance was
observed by the end of the tests.

A new tensile test specimen for fibre-reinforced polymers, shown in
Fig. 6(a) and (b), was designed from FE simulations and a handful of
physical experiments. The specimen is supported by pins to avoid the
detrimental moments which may occur for clamped supports, does not
require end tabs and is relatively short compared to conventional spec-
imens since the deformations are measured by DIC instead of an exten-
someter. Numerical simulations demonstrated that a radius of curvature
of 40 mm gives a rather small stress concentration at the specimen shoul-
der 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. (¢) 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 §. MFD = Mould Flow Direc-
tion and the coordinate system is the same as in Fig. 1.

geometry was applied by Mortazavian and Fatemi [6]. For unreinforced
polyamide, it was necessary to strengthen the specimen around the holes
by bonding four steel plates to the polymer using a structural adhesive
(8M Scotch-Weld DP8805NS), see Fig. 6(c). The surfaces to be bonded
were prepared according to the guidelines of the adhesive, and a clamp-
ing jig with tightening bolts was used to obtain a uniform pressure on
the four steel plates during curing of the adhesive.

Three tensile test specimens with the same material orientation
were extracted from each injection-moulded plate. Illustrations of the
approximate locations of the specimens are found in the supplementary

120

(a)

material. For the reference 0°-direction, however, six specimens were
prepared (using two plates). Measurements of the specimen dimensions
are reported in the supplementary material. A crosshead velocity of
2.5 mm/min was used in most of the tensile tests, which resulted in
measured elastic strain rates in the gauge section of 0.8 x 1073 s~1 for
the fibre reinforced material and 1.4 x 10~3 s~! for the unreinforced
material. The comparably higher rate is due to the bonded steel plates,
which limit the local deformations around the holes of the specimens.
Images were acquired at either 5 or 8 frames per second, which for the
fibre-reinforced materials typically resulted in between 300 and 600
images from each camera per test.

4.3. Treatment of measured data

The unreinforced PA material deformed homogeneously before the
deformation eventually localized and a stable neck was formed. For this
material, a representative measure of each strain component was ob-
tained as the mean of the element values in the DIC element row centred
in the neck, as demonstrated for Camera 1 in Fig. 7(a).

For the fibre-reinforced materials, however, highly inhomogeneous
strain fields developed from early in the tests, as we observe in Fig. 7(b).
A few tensile tests without painted surfaces revealed that the inhomo-
geneities are caused by small cracks in the specimen surfaces, similar
to observations presented by Nouri et al. [59]. Furthermore, from
around maximum force until the end of the tests, the strain localized
in a region of higher strain. To handle both the inhomogeneous strain
fields and the localized deformation, the representative value of each

(b)

()

Fig. 6. (a) Geometry of the tensile test specimen (dimensions given in mm) and images of the specimens used for the (b) fibre-reinforced and (¢) unreinforced

material.
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Fig. 7. (a) Strain measure and Region Of Interest (ROI) used for tensile tests of unreinforced PA. (b) The &;; strain field shortly after maximum force in a tensile

test in the 0°-direction of PA15.
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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. (¢) Comparison of stress-strain curves

based on the local and the global strain measures for a few representative tests.

strain component was calculated as the mean element strain within
a local region of interest (ROI) with length equal to the specimen
thickness, as illustrated in Fig. 8(a) and (b). The ROI was positioned to
the region within the gauge section with highest strain and the position
was correlated between the two cameras. This strain is thus a local
measure of the deformation in the neck. In addition, a global strain
measure was defined. The global strain was calculated as the mean
logarithmic strain of five parallel vectors in the longitudinal as well
as transverse direction, also illustrated in Fig. 8(a) and (b). The global
strain measure is compared to the local one in Fig. 8(c). As expected,
the two measures coincide up to maximum force, while the local strain
measure provides higher strains in the last part of tests where localized
deformation occurs. Throughout this work, the local strain measure is
applied for the fibre-reinforced materials.
The applied stress measure is true stress, calculated as
F F F

c=L = = (@)
A wohlohy  Agexp(ey +€33)

where F is the force, A is the current area, A, is the initial area, wy
and t, are the initial width and thickness, 1, and A5 are the stretches
in the width and thickness direction, respectively, while £,, and &35
are the synchronized logarithmic transverse strains obtained from the
local ROIs defined in Fig. 8. The elastic coefficients, namely Young’s
modulus E, in-plane Poisson’s ratio v, pjane and out-of-plane Poisson’s
Tatio Voucof.planes S Well as the elastic strain rate, were computed by
performing a linear regression on the relevant response curves within

the interval between 10% and 40% of maximum force, for which the
response was linear.

4.4. Results and discussion

The stress-strain curves for all tests on unreinforced PA are plotted in
Fig. 9(a). The material shows a typical response for thermoplastics, in-
corporating a well-defined yield point and significant strain hardening.
The “knee” of the stress-strain curve corresponds to the local maximum
of the measured force, which also coincides with the onset of necking.
Some of the tensile tests of unreinforced PA were terminated prior to
material failure and the presented curves are therefore cut at a strain
equal to 1.0, well beyond relevant strain levels for the fibre-reinforced
materials. Although not shown here, the 0°-specimens fractured before
the material was cold-drawn contrary to the 45°- and 90°-specimens.
The unreinforced PA is clearly an anisotropic material.

Stress-strain curves from the tensile tests on PA15 are plotted in
Fig. 9(b). Common to all tests is a linear part followed by a transition
region where the tangent modulus is reduced from Young’s modulus to
zero, which occurs around maximum force, and finally a region of nearly
constant stress until fracture. The material is rather ductile for all angles
0 and necking is clearly visible before fracture. In the figure, a running
average measure is applied to represent the mean behaviour of repli-
cate tests. The measure is obtained by first interpolating the stress-strain
curves to a linearly spaced strain vector and then averaging the stress
values 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).

when one of replicate tests ends, and the ultimate strain of the running
average measure is selected as the mean ultimate strain of the replicate
tests. Fig. 9(c) plots the stress-strain curves for PA30 and we observe
curves with similar shape as described for PA15, except for a more pro-
nounced anisotropy and much larger variation in ultimate strain with

Table 3

Mean values of Young’s modulus E, stress at maximum force opay,
ultimate strain e, in-plane Poisson’s ratio v, ;j,ne and out-of-plane
Poisson’s ratio Vyy.ofplane from the tensile tests of PA, PA15 and

PA30.
the specimen angle.

Fig. 9(d) compares the running averages of the stress-strain curves Material ¢ E OFmax Eult Vinplane  Vout-of-plane
for PA, PA15 and PA30. As expected, increasing the fibre content in- [deg] [MPa] ([MPa]l [ - -
creases the stiffness and maximum stress and reduces the ductility of PA 0 3106 709 0.38 037
the material. Furthermore, it is clear that the anisotropy increases with 45 2531 66.0 0.34 041
the amount of glass fibres. This is also expected, both since increasing % 2497 603 031 046
the fraction of fibres, which are anisotropic by nature, will increase the PA15 0 4558 98.7 0.188 041 0.42
anisotropy of the composite material and because the FOD of PA30 is ;g jggi SZ'Z g;gg 8'23 3'32
highly non-uniform (Fig. 3(d)) unlike the FOD of PA15 (Fig. 2(d)). PA15 5 4273 91:2 0:218 0:39 0:40
and PA30 show nearly constant stress levels after maximum force un- 60 3970 882 0221 034 0.46
til fracture, despite the substantial strain hardening observed above 7% 75 3879 864 0209 033 0.50
strain for the matrix material. This suggests that, in the region of nearly 90 3838 855 0218 032 048
constant stress, the softening caused by damage in the composite ma- PA30 0 7319 1362  0.059 0.41 0.39
terials approximately levels out the hardening provided by the matrix 15 7006 1302  0.070 0.41 0.45
material. Also, the local strain measure applied in this work promotes 30 5502 1167 0094 042 041
a true stress level that exhibits less softening than observed in previous gg i;g ;gi‘l g}‘g gg; gfé
studies [2,6,22,23]. 75 4974 978 0078 025 050

Fig. 10 plots the elastic coefficients from the tensile tests of PA, PA15 90 4967 983 0.069  0.23 0.53

and PA30 as function of specimen orientation, where the mean values of
the 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, viy piane a0 Voypofplanes fOr (b) PA, (¢) 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; E, E; Vip Vo3 Va1 Gy Gy Gy
[MPa]  [MPa]  [MPa] [-] [-] [-] [MPa]  [MPa]  [MPa]
PA15 4558 3838 4198 040 048 039 1540 1334 1334
PA30 7319 4967 6143 038 053 033 1820 1475 1475

modulus is generally highest for the 0°-direction and lowest for the 90°-
direction. For the fibre-reinforced materials, similar values are seen be-
tween 45° and 90°, and the evolution for increasing specimen angles
follows the general trend typical for this material class [6,9]. Fig. 10(a)
also presents Young’s modulus of orthotropic elasticity calibrated for
PA15 and PA30, a topic which is further discussed shortly.

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

Orthotropic elasticity was calibrated for PA15 and PA30 using the
procedure explained in Appendix B, and the values of the calibrated
elastic constants are given in Table 4. Fig. 10(a), (c) and (d) compare
orthotropic elasticity with experimental data, where Egs. (B.4), (B.5)

and (B.6) are used to plot the elastic coefficients as function of pull
direction. We observe that orthotropic elasticity indeed is a very good
approximation for these materials, which is in accordance with findings
presented by others [6,9,17]. The results also demonstrate the close link
between in-plane and out-of-plane Poisson’s ratios, and that orthotropic
elasticity captures the behaviour seen in the experiments.

Fig. 11 presents the evolution of transverse strains as retraction ra-
tios, computed as —£99/€17 and -e33/£;; for in-plane and out-of-plane
transverse strains, respectively. Results from replicate tests are com-
bined by using the running average measure described earlier, which is
defined such that a jump appears whenever one of the replicate tests
ends. The main observation from Fig. 11 is that the retraction ratio
remains relatively constant throughout the deformation sequence at a
value near the Poisson’s ratio. This finding may be of practical relevance
for the development of material models for short fibre-reinforced poly-
mers. More noise is seen for the out-of-plane measurements than for the
in-plane measurements, possibly explained by the difference in ROI size
used for the strain measures (see Fig. 7(a) and (b)).

Stress at maximum force op,, is plotted for the three materials
in Fig. 12(a), and we observe curves with similar shape as was seen
for 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, (¢) in-plane,

PA30, and (d) out-of-plane, PA30.

for 0° specimens and lowest for 90° specimens. Unreinforced PA and
PA15, which has a nearly random FOD in the plate plane, show similar
anisotropy in measured values of both Young’s modulus and stress at
maximum force. This indicates that the matrix material contributes to
the anisotropy in the composite material and that the contribution may
be of the same order of magnitude as the contribution from the fibres
when the fibre content is moderate and the degree of fibre alignment
with the MFD is small.

Ultimate strain ), from the tensile tests of PA15 and PA30 is plot-
ted in Fig. 12(b). PA15 fractures at strain around 0.20 for all mate-
rial orientations, but a weak tendency of increasing ductility with spec-
imen orientation is observed. Note that the scatter in ultimate strain
for PA15 is relatively high. For specimen directions 0°, 15° and 30°,
the three specimens from each plate are extracted from side-by-side
locations (see figure in the supplementary material), and the scatter
in the results is at least partly related to the fact that the FOD is not
equal in the centre and left/right location of the plates. In fact, for
these three specimen directions, the largest values of ultimate strain
are from the specimen in the centre. For PA30 we observe that the spec-
imens at the intermediate specimen angles show substantially higher
ductility than the 0°- and 90°-specimens, which is a common observa-
tion 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-
gether with the fibre orientation distributions (plotted as function of 6
instead of a). For the materials investigated here, the ultimate strain in
a given direction seems to be lower when the amount of glass fibres in
this direction is high and vice versa.

Fig. 13 presents contour plots of the coordinate strain £;; (along the
pull-direction) at the end of the tests for a selection of representative
tests, where the specimens are rotated according to the pull-direction
such that the MFD is horizontal for all specimens. Slanted bands of lo-
calized deformation are seen for intermediate specimen angles, and the
orientation of the bands is close to parallel with the predominant fi-
bre orientation direction, particularly for 45°-specimens. To the authors’
best knowledge, such strain fields have not been reported for injection-
moulded fibre-reinforced polymers before. Sket et al. [60], however,
present similar strain fields for a tensile specimen made of carbon fi-
bres and epoxy resin prepreg sheets (stacking sequence of [+45°],),
and stated that the largest strains were found in a shear band along
the fibre direction. Similar results were also reported by Totry et al.
[61], who investigated shear stress parallel to the fibres in unidirec-
tional laminates. Both experiments and micro-mechanical simulations
showed that shear along the fibres induces localized deformations in a
shear band in the matrix, parallel to the fibres. Experimental evidence is
also provided by Mortazavian and Fatemi [6], who investigated the off-
axis tensile behaviour of a 35 wt.% glass-fibre-reinforced polyamide-6,
apparently very similar to the PA30 material used in this work. Scan-
ning electron microscopy (SEM) images of the fracture surfaces showed
that brittle matrix fracture occurred in the shells both for 0°- and 90°-
specimens. For 45°-specimens, however, significant plastic deformation
was observed in the shells parallel to the predominant fibre orientation
(along the MFD). Mortazavian and Fatemi [6] suggest that the increased
ductility in the 45°-direction is caused by lower constraining effect of the
fibres and more pronounced matrix shear band formation.
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Fig. 12. (a) Stress at maximum force opy,,, and (b) ultimate strain ¢, where the mean val
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5. Conclusions

This paper presents an experimental study on the anisotropic ten-
sile behaviour of injection-moulded unreinforced polyamide-6 (PA) and
short glass-fibre reinforced polyamide-6 with 15 wt.% (PA15) and 30
wt.% (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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Appendix A. Supplementary data

Supplementary data for this article is available through Mendeley
Data [51], and includes the following: a conversion-equation from fibre
weight to fibre volume fraction, measurements of the specimen dimen-
sions, locations of the specimens in the injection-moulded plates and,
finally, all plotted data as text files.
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Appendix B. Calibration procedure for orthotropic elasticity

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

Hooke’s law (adopting Voigt form) expressed in the principal mate-
rial coordinate system of an orthotropic elastic material reads (see e.g.
[621)

c=Ce¢
o] [ ELI —be—z‘ —g—; 0 0 o 1 '[en]
o2 ‘?: 5 _1%’ 0 0 0| |exn
wl_|"EH TH & ? 0 0 fex B.1)
023 0 0 0 Gy 0 0 Y23
o3 0 0 0 0 GLM 0 -
o] | © 0 0 0 0 G+z | 712 ]

where ¢ and ¢ are the stress and strain vector, respectively, and C is the
stiffness matrix, which is the inverse of the compliance matrix S, i.e.
S = C!. The engineering constants of orthotropic elasticity are E;, E,,
Es3, V19, Vo1s Va3, V39, V315 V13> G195 Gog and Gg;, where symmetry of the
compliance matrix implies the relationships

Vv \Z 12 1% 1% V-
2 22 33 2 _2 (B.2)
E E E  Es E, E5

We now consider the orthotropic elastic material in a coordinate sys-
tem rotated with angle a about the x3-axis, as illustrated in Fig. B1. The

inverse of Hooke’s law (on Voigt form) then takes the following form

£=286
€ S S Sz 0 0 Sie] [on
En| [S21 S» Sy 0 0 S| |02
Ex|_|Sn Sn Su 0 0 Sy |03 (B.3)
23 0 0 0 Su Suis 0|0
731 0 0 0 Ss4 Sss 0 0 ]]63

712 Set Se2 Se3 0 0 Seed 151

where £ and & are the strains and stresses expressed in the rotated co-
ordinate system and S is the corresponding compliance matrix which
relates £ and 6 (see Nemeth [63] or Holmstréom [64] for details of the
derivation). The elements of S are listed in Table B1, and may e.g. be
used for plotting the engineering constants as function of the angle a.

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

Eq, Ey, V19, Va1, Vo3 and vy3 may be calibrated directly from the
results of the 0° and 90° tensile tests of the fibre-reinforced material.
The value of v, should, however, be slightly adjusted to fulfil the over-
determined equation v,5/E; = v4;/E, in an optimal way.

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

X3

=
(o)

X1

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.
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Table B1

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

Sy = EL =chS)) + 545y, + 25228, + Sge)

[ .Y (B S, § 17

—EI+E2+cs<G‘z 25,) B.4)
§|z=_% =‘%? =(c* + 5Ny + 252 + Sy — S)

R b - B GRTOPS ®.5)
Sy = Li: = VE‘: =283+ 528y = —c”?[“ - Sz%; (B.6)
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Table B2

Applied calibration procedure for the engineering constants of
orthotropic elasticity.

Constant  Calibration experiment Calibration equation
E, 0° E =2
00 (“En
12 Vip = ——=
12 X 12 2
Vi3 0 vig=—2
o J»E“
E, 90 Ey=22
»
° =_fn
V21 90 Var =7,
Vo3 90° Vo3 = —?
. E
45° — o _ 1450
Gz > G2 = 00 = M
Ey E; = 0.5(E, + E,)
Gy Assumed values G3; = 0.5(Gmayix + G12)
Gy3 G23 = 0.5(Gmatrix + G12)
v =y B
31 Vit = Vi3 g,
V Viy = V. 5
32 2=V,

principal material coordinate system, y,,, as function of the strains in
the local coordinate coordinate system of a test (see e.g. [64] for the
derivation),

Y12 = 712 (cos?(@) — sin®(a)) + 2 cos(a) sin(a),; — 2 cos(a) sin(@)éy, (B.17)

where a refer to Fig. B1. Note that for the particular choice of « = 45°,
this expression reduces to y;, = & 450 — £2; 450 A corresponding expres-
sion is obtained for the shear stress ¢4 as

o = 612(cosz(a) - sinz(a)) + cos(a) sin(a)Gy; — cos(a) sin(a)G,, (B.18)

A tensile test has (at least ideally) boundary conditions 6,; # 0 and &5,
= 61, = 0, which for « = 45° gives 0|, = 6} 45./2 from Eq. (B.18) and
11450 = E| 450811450 from Eq. (B.3). In the principal material coordi-
nate system, there is no coupling between shear and normal stresses
and Hooke’s law gives us the relation G5 = 015/715. By inserting the
expressions for y,, and o, from Eqs. (B.17) and (B.18), we obtain an
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expression for G, as

o Eiasefriase  Epuse
Yi2 2@ 11450 —Exp4s0)  2(1+ Vjpgse)

n= (B.19)

Values for the engineering constants E3, G3; and G,z are not possi-
ble to obtain from in-plane tensile tests and little relevant information is
available in the literature. Results from a study presented by Ayadi et al.
[17] indicate, however, that E; is closer to E; than to E, for an injection-
moulded fibre-reinforced polyamide, apparently very similar to the ma-
terials investigated in this work. Based on this, it is here assumed that
E; = 0.5(E; + E,). The expression for G;, in Eq. (B.19) demonstrates
that the shear modulus in a given plane is highly dependent on Young’s
modulus in 45° of that plane, which again depends on the amount of
fibres around this direction. The FODs for fibres projected to the three
coordinate planes, presented in Figs. 2(a) and 3(a), show a significantly
lower fraction of fibres oriented at angles around +45° in the xz- and
yz-plane compared to in the xy-plane. The corresponding planes in the
coordinate system in Fig. B1 are the 31-, 23- and 12-plane. Hence, it
is expected that the values of G3; and G, are similar but lower than
G15. A lower bound for the shear modulus of the composite material is,
however, the shear modulus of the matrix material, which may be es-
timated as G ,ix = 0.5E/(1 + v) assuming that the matrix material is
isotropic. In this work, the values for G3; and G,5 are approximated as
the average value of the shear modulus of the matrix material, G,
and the calculated shear modulus G, of the composite material.
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