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To exploit the full material potential of short fibre reinforced
PA6T/6I, specific component calculations including aniso-
tropic material behaviour is necessary. For this, different
failure criteria and fatigue models are used to describe the
behaviour during a component service life. This paper deals
with the determination and consideration of fibre orienta-
tions for failure criteria and fatigue calculations. Therefore,
a novel method to determine fibre orientation (FO) distribu-
tions across injection moulded plates, is proposed. The de-
veloped method allows a forecast of FOs for different spec-
imen extraction positions and angles on injection moulded
plates by using only a few measured reference points. As
a result, fatigue models can be calibrated with the strength
values and the corresponding FO, calculated for fracture
position. The performed tests show a non-negligible in-
fluence of failure positions, due to fibre orientation distri-
butions along the specimens. So, the FO determination
method delivers an improvement in strength values estima-
tion.

*Equally contributing authors.
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1 | INTRODUCTION
Lightweight applications require a specific type of materials to get a high system performance. Especially in the au-
tomotive sector, several metallic and non-metallic materials, including short fibre reinforced polymers (sfrp), are used.
Previous investigations about the fatigue behaviour of sfrp for such purposes have been performed and published. A
number of studies have shown, that the factors fibre orientation1,2,3,4,5,6, notches5,7,8, temperature9,10,11,12, mois-
ture13,14 and multiaxial loadings15,16,17 have main impact on the fatigue strength. To estimate a bearable number of
load cycles, several simulations (e.g. injection moulding and structure simulations) have to be performed18. Based on
the results of an injection moulding simulation, the fibre orientation is defined for structural analysis. The material
parameters for these service time estimations are determined with tensile and fatigue tests. To define a material load
capacity, local stresses at different load cases as well as material strengths have to be determined. The bearable load
capacity of anisotropic, reinforcedmaterials strongly depends on the local fibre orientation. Consequently, knowledge
about the local material structure and its mathematical description is important for consideration in simulations. Azzi
et. al proposed in19 a model for local strength calculations using the loading angle, known as the Tsai-Hill-criterion.
Equation 1 describes the Tsai-Hill-criterion model mathematically.
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σ1,σ2 and τ12 are the longitudinal, transversal and the shear strengths of the investigated material. The loading angle
φ varies from 0◦ to 90◦ and corresponds to the specimen’s extraction angle on the plate. σφ represents the strength
of the material for an investigated loading angle (φ).
To consider the fibre orientation in lifetime calculations, independent of the specimen’s position on the plate for a
certain loading angle, a method has been developed by Gaier et al.20 (equation 2, figure 1).

wi = w0 · exp (m · λi ) (2)
This model excepts an exponential connection between the fibre orientation andmaterial properties and is empirically
determined. The parameter m represents the slope of the curve, the parameters λi are the fibre orientations, in the
main loading direction. A calculated material parameter w0 (Young’s modulus, tensile and fatigue strength, etc.) with
(theoretically) fully transversal aligned fibres, serves as a reference point. Gaier et al. proposed in21 a model including
the critical cutting plane angle (δ ) andmaterial parameters for two fibre orientations (w1,w2) (equation 3). Thematerial
values (w1, w2) for this model are calculated by using equation 2 with the fibre orientations λ1 and λ2. The cutting
plane is virtually rotated around every node of a finite element simulation model. During these rotations, the local
stresses and material strengths on this plane are compared for each angle. If the gap between the local stresses and
bearable strength (both normal to the cutting plane) becomes a maximum, the critical cutting plane (angle δ ) is reached.
The result is a material parameter, for this, critical angle (wmat ) determined with equation 3.

wmat =
w1 +w2

2
+ w1 −w2

2
cos (2δ) (3)
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F IGURE 1 Influence of fibre orientation on material parameters according to20

As a result of these two methods, the position of the critical cutting plane is calculated by the local stresses and
anisotropic strengths based on the local fibre orientation tensor.
Component fatigue calculations are actually done with these methods, delivering reliable results18,22. The required
material data for tensile and fatigue behaviour is determined on specimens with a non-homogeneous, quasi layered
fibre structure. Such a structure is a known phenomenon in thin injection moulded plates made of sort fibre rein-
forced polymers3,23,24. A growing body of literature has investigated the influence of fibre orientations on material
strengths, but only a few studied the fibre distribution in the specimen for fatigue25,26. Further, only the extraction
angles are considered for the failure criteria, independent of the local fibre orientation distribution across the plate.
As a result, different local fibre orientations on the fracture positions come along with changing extraction angles.
Consequently, the validity of standard criteria (e.g. Tasi-Hill-criterion) gets lost with different extraction positions on
injection moulded plates. Consequently, a calculation method for the fibre orientation at specific positions and ex-
traction angles has been developed. In this paper, on the one hand, the fibre orientation distribution and on the other
hand, failure areas are investigated. The purpose of these determinations is to show the influence of the local fibre
orientations, depending on the specimen’s extraction positions on injection moulded plates and the effect on material
model parameters. Moreover, a calculation of the associated fibre orientation for a measured strength can be done
by using the developed calculation method. So, this novel approach improves the prediction of the fatigue strength
for certain fibre orientations up to 35%.

2 | EXPERIMENTAL
The investigated material for these studies is a partial aromatic polyamide PA6T/6I with a glass fibre content of 50%
by weight. The material has an average fibre length of 200 µm. To evaluate the material behaviour of the sfrp for
different fibre orientations, fatigue and tensile tests have been performed. For this, bone shaped specimens, shown
in figure 2, were milled from a 100x100x2mm injection moulded plate at different positions and angles27. Figure 3
shows the extraction angles and positions of the specimens on the plate. The 2mm thick plate offers a high fibre ori-
entation for the specimens. The extraction positions of the specimens have been chosen to capture a fibre orientation
distribution along the plate. Since a nearly homogeneous fibre orientation along x-direction (flow-direction) compared
to the distribution along the y-direction has been measured (figure 8), a larger distance between the longitudinal spec-
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F IGURE 2 Specimen shape for tensile and fatigue tests

imens (compared to transversal specimens) has been chosen. So, there is a higher fibre orientation in the longitudinal
specimens. In this publication, the longitudinal specimens (figure 3-1) are declared with, left (L), middle (M) and right
(R) along the y-direction. The transversal specimens are named lower (L), middle (M) and upper (U) (figure 3-2 and 3).
The angle of 45◦ has been chosen to get a fibre orientation angle between 0◦ and 90◦ without cutting edges of the
specimens (which would be the case with 30◦ or 60◦ specimens, figure 3-4). By simply rotating the specimen around
the plate centre (which is a standard method), only the fibre orientation along the extracted specimen can be captured
for different angles. Since the averaged fibre orientation in the centre of the plate is about 0.4 (x-direction) and 0.56
(y-direction), there is a low range between longitudinal and transversal fibre orientation for model calibrations. To
capture a wide range of fibre orientations in the specimens the positions, shown in figure 3, have been chosen for
longitudinal and transversal. Consequently, the fibre orientation model calibration needed to be adapted for a higher
reliability.
To determine the fibre orientation for the whole plate area, µCT scans have been performed at specific positions,
which are shown in figure 4. The scanning points are located concentrically to point P3 alongwith two circles, whereby
point P5-1 uses the overflow cavity for a complete sample. This sample arrangement captures the fibre orientation
development along the flow direction as well as the development perpendicular to the flow direction (plate width).
Since the specimens for the tensile and fatigue tests have been taken from different positions across the plate, shown
in figure 3, also the fibre orientation needed to be investigated at these positions. Consequently, position P-1 rep-
resents the orientation of the 0◦ (longitudinal, left-right) specimens, P-2 the 90◦ (transversal) specimens and P-3 the
45◦ specimens. The size of the µCT-specimens is 4x4x2mm, for representative fibre orientation measurement results
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F IGURE 3 Specimen extraction positions on the plate: 1) longitudinal specimen- left, middle, right, 2) transversal
specimen-upper, lower, 3) transversal specimen-middle 4) 45◦ specimen

at the relevant regions. A GE Phoenix Nanotom 180 computer tomograph has detected the fibres with Molybde-
num target using a current of 115 µA and an acceleration voltage of 80 kV. The volume size of the detected areas is
2µm/voxel. Volume graphics and an open-source software from FH-Wels28 prepared the data.
For the mechanical tests, two different types of test rigs have been used. Tensile and fatigue tests were performed
on an electromechanical testing machine, BOSE® Electroforce AT3550. Figure 5 shows the test rig with a clamped
specimen. Additionally, a hydraulic test rig, based on a module frame with an Instron® control unit, performed fatigue
tests (figure 6). An extensometer from Instron® with a measure length of 12.5mm has captured the local strains (for
tensile tests) and is implemented in both test rigs. Tensile tests were performedwith a displacement rate of 2mm/min
according to DIN ISO 527-1 leading to a strain rate of 6.6 · 10−4s−1. The environmental conditions for all these tests
(also fatigue tests) are defined with a relative humidity of 50% and a temperature of 23 ◦C. For every loading angle,
three tensile tests have been performed. The results have been averaged for the determination of the material param-
eters (figure 13). Fatigue tests with a frequency of 10Hz at a stress ratio of R=0.1 were performed. The specimens
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F IGURE 4 Positions of µCT-scan samples on the plate

F IGURE 5 Electrodynamic test rig with clamped specimen

have been tested, until fracture occurs. The fracture positions usually are located at the end of the parallel area of
the specimens, also for tensile tests. Figure 7 shows the fracture areas of specimens after testing. These positions,
provoked by the local fibre orientation combined with a stress concentration, are considered in the material model
calibration. So, the material model must be calibrated for the fibre orientation in these areas. For every test series, a
minimum number of seven tests have been performed at different load levels. To get the fatigue parameters, averaged
values of the test points are considered.
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F IGURE 6 Hydraulic test rig with clamped specimen

transversal 45◦ longitudinal

F IGURE 7 Fracture areas of the specimens (examples of specimens after cyclic testing)

3 | RESULTS
3.1 | Fibre orientation analysis
The results show an inhomogeneous distribution through the plate thickness at the investigated points due to different
local flow conditions in the injection moulding process, plotted in figure 8 and figure 9. With the exception of a thin
skin layer, there are high oriented areas on the top and bottom of the plate. Figure 8 shows, that the main orientation
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decreases to the middle layer along the plate centre path. However, there is symmetry around the centre of the plate.
As a result, the fibre orientation varies along the cross area of the specimens. To get a fibre orientation tensor for
every specimen, the mean values are considered. Since the values, which are not in the main diagonal of the matrix,
are negligible (compared to the main diagonal entries), they are not considered for further investigations. The fibre
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F IGURE 8 Fibre orientation along flow direction (P1-1 to P5-1)
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F IGURE 9 Fibre orientation perpendicular to flow direction (P1 to P5)

orientation along the flowdirection (P1-1 to P5-1) shows a nearly constant distribution of themean FO values (figure 8
and figure 11). But the fibre orientation distributions and mean values across the plate width (P1 to P5) is varying
significantly (figure 9). Accordingly, there is a main effect on the local fibre orientation depending on the extraction
position for longitudinal specimens (figure 9). Since these averaged fibre orientations are considered for lifetime
calculations, there should be paid more attention to them. The difference of mean x-direction fibre orientation values
between the middle and the left-right specimens is about 25% (figure 4: P3 and P5). The averaged fibre orientations
at the positions along the flow path (P1-1 to P5-1) and the plate width (P1 to P3) provides information about the
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distribution across the plate (figure 11). The fibre orientation is also increasing outward the centre across the plate
width due to a shear flow distribution (figure 10).
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F IGURE 10 Fibre orientation along plate width (corresponds to y-direction)
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F IGURE 11 Fibre orientation along plate length (flow path corresponds to x-direction)

3.2 | Mechanical tests
Figure 12 and figure 13 show the influence of the specimen position and the angle on the tensile and fatigue test
results. The results in the graphics are normalized to the fatigue strength of longitudinal (left-right) specimens. The
tests confirm significant differences between the orientation angle and the fatigue strength3. It can be shown, that
the gap between the stress amplitudes at 106 cycles increases exponentially (figure 12 and figure 17). Since the Gaier-
model assumes an exponential connection between the fibre orientation and strength properties, the fibre orientations
of the specimens at the fracture points are investigated. The S/N-curves are calculated for a survival probability of
50%. The dispersion for the investigated positions are shown in table 3.2.
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F IGURE 12 S/N-curves of fatigue tests

1/TN position
19.6 45◦

1.6 middle
6.7 left/right
4.5 transversal

TABLE 1 Dispersions of the cyclic test results

The calculation of the dispersionTN is done by equation 3.2 and defined by the relationship between the numbers of
cycles for a survival probability of 90% (N90) and 10% (N10)29.

TN = N90/N10 (4)
The tensile test results (figure 13) show differences in material stiffness between the positions except 45◦ and the
transversal position. Since the strain measurement is done in the specimen centre, the fibre orientation in x-direction
of the 45◦ specimen in this area is relevant for the material stiffness (figure 17). On the other hand, there are tensile
strength differences of about 16% between the 45◦ and the transversal specimens. This gap is a result of the local fibre
orientations in the fracture areas. So, there is also an exponential increase of the gap between the tensile strengths
outgoing the transversal specimen. Further, it can be shown, that the S/N-curves are hardly parallel and confirm the
results of30. By investigating the fracture positions (figure 3), marked with x in figure 14, one can see that there is no
accordance between the positions of the µCT scan points (figure 4 and figure 14). Based on µCT scans, the local fibre
orientation at the relevant fracture points needed to be calculated.
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4 | DISCUSSION

Former publications3,31 use the Tsai-Hill-criterion for the lifetime prediction based on the extraction angle of the spec-
imens on the plate. To determine the failure behaviour between the investigated angles, the failure criteria Tsai-Hill-
criterion, according to equation 1, and Gaier-criterion, according to equation 3, are used. Figure 15 shows the course of
the models depending on the loading angle. For the evaluation of the data using these models, strength values from
middle as well as left-right for longitudinal specimens (figure 3) are considered. The results show a difference of 18.9%
for the bearable fatigue strength and 14.6% for the fatigue static strength depending on the extraction position for
an extraction angle of 0◦. (figure 15). The reason for this is the inhomogeneous fibre orientation distribution along
the plate width, shown in figure 10. Since the fracture positions are not located in the specimen’s centre, a simple
rotation delivers different fibre orientations for these positions. Figure 14 shows the positions of the fracture points,
depending on the extraction angle. This effect cannot be considered in the calibration by using the proposed fatigue
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F IGURE 15 Failure criterion calibration for cyclic data

models. As a result, there is an over- e.g. underestimation of the bearable strengths at loading angles between 0 and
90◦. Moreover the fibres are not fully aligned in the specimens. So, theoretically a higher strength would be possible
for longitudinal loads. Consequently, higher oriented areas (e.g. in components) can’t be captured with these models,
calibrated with the measured data. Therefore, the fibre orientations of the fracture positions have to be considered
for the failure criteria supported by µCT-scans. Using the model, proposed in this publication, the model parameter
determination is improved.

The mean values of the fibre orientation for every direction are considered to get the fibre orientation develop-
ment along the flow path (x-direction) and the plate width (y-direction). A polynomial function of degree 4 using equa-
tion 8 and equation 9 describes the mean fibre orientation distribution across the plate width including the changes
to the plate edges. The combination of the distribution function and the coordinates of the fracture positions, deter-
mined with a circle function, the local fibre orientation for every extraction angle can be calculated. The workflow
is shown in figure 16. The position of the coordinate system x’-y’ is defined with Cartesian coordinates, calculated
by using equation 5 and equation 6. To do this, a radius (r ) is defined for a group of positions. Figure 16 shows the
resulting circles from the positions of the µCT specimens. In this case, two circles can be defined. Additionally, the
loading angle (φ) (loading direction) has to be defined.

x = r · si n (φ) (5)

y = r · cos (φ) (6)
Finally, the fibre orientation tensor T (x , y ) entries (using equation 7) which depends on the x and y-distance, are
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calculated

T (x , y ) =
©­­­«
fi i (x , y ) 0 0

0 fj j (x , y ) 0

0 0 fk k (x , y )

ª®®®¬ (7)

by using equation 8 and equation 9. Since the fibre orientation is constant along the x-direction (shown in figure 11)
the terms P (x ) and O (x ) are constants in this case.

fi i (x , y ) = ay 4 + by 3 + cy 2 + dy + P (x ) (8)

fj j (x , y ) = k y 4 + l y 3 +my 2 + ny +O (x ) (9)
The sum of the principal diagonal values equals 1. So, the last term fk k (x , y ) can be calculated as follows (equation 10).

fk k (x , y ) = 1 − (fi i (x , y ) + fj j (x , y )) (10)
By finally substituting equation 5 and equation 6 into equation 8 and equation 9, the result is a fibre orientation tensor,
depending on the angle and radius f(r,φ) in the coordinate system x’-y’. Since the loading direction is defined by the
loading angle φ, (in our case 45◦), a transformation from the x’-y’ coordinates to this direction has to be done. Using x
or y-value (without transformation) would lead to an overestimation (in this case of 0.19) or underestimation (in this
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case of 0.20) of the fibre orientation (figure 17) for a material parameter. So the local resulting tensor (fi i , fj j and fk k
for the investigated position) is transformed from the local x ′ − y ′-axis system (T (x , y )) to the main loading direction
(ai ,j ) by using a rotation matrix R (equation 11).

ai ,j = R ·T (x , y ) (11)
For the strength calculations, the fibre orientation in the main loading direction is considered leading to a main im-
provement in material parameter determination (figure 17). The results show a deviation of 0.1 (15%) or rather 0.25
(38%) between the measured values and the model without using the proposed calculation method, shown in fig-
ure 17. The calculation of the fibre orientations in the main loading direction from the 45◦ extracted specimens for
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F IGURE 17 Influence of fibre orientation to fatigue strengths

material model calibrations is based on the fibre orientation of failure positions. Consequently, the specimen sizes
and shapes are important for material data evaluation. With a reduction of the investigated radius (e.g. specimen
size), the fibre orientation tends to those of the plate centre, independent of the loading angle. Finally, the local fibre
orientation can be calculated for every loading angle and fracture position, shown in figure 18. The results of the
calculations show, that a decreasing radius of the circle, representing the fracture position, shown in figure 16, effects
a homogenous fibre orientation, independent of the loading angle. So, specimens extracted from the centre of the
plate with a fracture point in the specimen’s centre, show a small difference between the fibre orientations and the
loading angle. This results in an inaccurate material model calibration, which can be improved by using the proposed
method.

5 | CONCLUSION AND OUTLOOK
Tensile and fatigue tests have been performed on specimen, extracted from an injection moulded plate. For the
determination of the local material properties, the fibre orientation has been measured with µCT. For the description
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F IGURE 18 Fibre orientation, depending on the loading direction and fracture position

of the fatigue behaviour, the Tsai-Hill-criterion and the Gaier criterion have been investigated. It can be shown, that
there is a main influence in the material properties, depending on the position of the specimens along a plate. So,
the local fibre orientation of the failure areas needed to be considered for the fatigue models. The model calibration
should be performed by using strength values with a high range in the fibre orientation. As a consequence of this
awareness, as long specimens as possible or small specimens with a wide distribution on the plate should be taken.
This method only works properly if enough measured fibre orientation points are available. If a plate is characterized,
the proposed method can be used for every loading angle and position on the plate. Further, it is reliable to use
different specimen shapes and sizes. Our research could be an useful aid for material modelling engineers, because
the consideration of the effective material behaviour in the models improves the estimation accuracy for e.g. lifetime
estimation. Further studies, which take the fibre orientation over whole plate into account, have to be performed.
Additionally different materials and plate shapes should be investigated to confirm these findings. In case of a non
constant fibre orientation along the flow path, also this direction need to be considered in the model by replacing the
constant P (x ) and O (x ) with a function to produce a tensor field T(x,y).
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