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Abstract. Discontinuous fibre reinforced polymers are widely used in various industry sectors and
often replace conventional materials, due to lower production costs and their lightweight structure. For
improvement of the component design, detailed knowledge of the failure mechanisms are necessary.
To better understand the defect formation and thus the micro-mechanics, the strain behaviour in
single fibres was analysed by micro-mechanical simulations of Representative Volume Elements (RVE).
Therefore, selected fibres – similar orientated as in the real structure – were chosen for detailed
analysis. Additionally, the defect formation next to selected fibres was investigated by X-ray computed
tomography (CT). Furthermore, the critical fibre length was estimated based on the protruding fibre
length of the fracture surface. Overall the simulation results correspond to theory. However, the detailed
local inspection of the experimental volume data showed a rather strong influence of neighbouring
fibres.

Keywords: Short fibre reinforced polymer, X-ray computed tomography, digital volume correlation,
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1. Introduction
Short glass fibre reinforced thermoplastics are a sub-
category of composites. Parts and structures of com-
plex shape can be produced in an automated fashion.
Therefore, the main advantages are low manufacturing
costs and the possibility of high-volume production.
To improve these materials, detailed knowledge of the
mechanical behaviour, especially at the micro-scale
level, is of great importance.

X-ray computed tomography (CT) is a suitable
method for the investigation of such materials and
the ongoing damage processes [1]. For the analysis of
the defect mechanisms and the quantification of the
local strain distribution, interrupted in situ tensile
tests are decisive [2, 3]. A rather new approach is
the local strain evaluation based on Digital Volume
Correlation (DVC), introduced 1999 by Bay et al. [4].
DVC enables the determination of the local displace-
ments and further the calculation of local strains in
three dimensions. For the correlation of the reference
volume (unloaded state) and the deformed volume
(loaded state), the fibres act as speckle pattern. Re-
cent research on fibre reinforced materials using DVC
has shown that the composite architecture contributes
to sample failure at the mesoscale [5–7].

There are various modelling and simulation ap-
proaches of composites ranging from manufacturing

process simulations to macro- and micro-scale sim-
ulations. The micro-structural details required for
simulations are often provided by X-ray computed to-
mography data. In general, the mechanical behaviour
of a fibre reinforced polymer is strongly influenced by
the bonding between matrix and fibre. The deforma-
tion within the matrix is transmitted to the fibre by
shear stresses between fibre and matrix interface. It
is quantified by the so called interfacial shear strength
or the critical fibre length [8]. There are various meth-
ods for a quantitative measurement of these values,
further some models were developed in recent years.
One of those is the Kelly-Tyson model [9].

The objective of this work was to determine local
strain and defect formation, for a better understanding
of the failure mechanisms of short glass fibre reinforced
polymers at the micro-scale level. Additionally, the
usage of the characterization of individual protruding
fibres (“free fibres”) for the estimation of interfacial
shear strength based on the Kelly-Tyson model is
presented.

2. Materials and methods
The investigated material is Polypropylene (PP) rein-
forced with 24 wt% of short glass fibres with a nominal
fibre diameter of 13 µm. The mean and weighted mean
fibre lengths are approx. 450 µm, respectively 810 µm,
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Figure 1. Experimental Setup for interrupted in situ CT measurements and exemplary CT volume (right), showing
the typical skin-shell-core structure.

and were determined based on CT data.
A constant radius test geometry with a radius of

60 mm, a length of 30 mm and a narrowest cross sec-
tion of 3 × 2 mm2 was used for the tensile tests (see
Figure 1). The CR test specimens were milled out
from an injection moulded plate oriented in injection
moulding direction. Thus resulting in a main fibre
direction of 0◦. Due to the injection moulding process
the test specimens show a typical layered core-shell-
skin structure, as well as transition regions in-between.

The constant radius test specimen (CR) was in
situ tested in an interrupted manner until fracture
similar as presented in [3]. The load steps were defined
starting at 30 % of the tensile strength, followed by
52 % and then increased by 8 % until fracture. After
each load step and a certain time until the sample was
in a stable state, a CT scan was performed with the
Nanotom 180NF device (phoenix|X-ray, GE Sensing &
Inspection Technologies GmbH, Wunstorf, Germany)
at a voxel edge length of 2 µm. The X-ray source
was equipped with a tungsten-on-diamond target and
operated at a voltage of 80 kV. The available analysis
volume is approximately 3 × 2 × 3.6 mm3.

The local fibre characteristics were determined with
the in house developed fibre characterization tool
[10, 11]. This was done for the unloaded state to
get the fibre length and orientation, and for the frac-
tured surface to get the fibre length and orientation of
the protruding fibres. For the latter some additional
segmentation steps were necessary. First, a Gauss
filter with kernel 5 was applied to the volume data to
reduce the noise and facilitate the surface determina-
tion. Afterwards a surface determination with a gray
value according to the material peak was applied and
an region of interest (ROI) of the fracture surface with
the protruded fibres was extracted. Some smoothing
and open/close steps were followed by an inversion of
the ROI, to be able to extract the protruded fibres
only. Subsequent analysis of the ROI with the fibre
characterization tool was performed.

The critical fibre length is a very important material

parameter for such materials. The critical fibre length
is the minimum length to enable the fibre to contribute
its full strength to the composite. Based on the Kelly-
Tyson model the critical fibre length can be estimated
with Equation (1) [9].

lc = σfibre ∗ d

2 ∗ τmatrix
, (1)

whereas σfibre is the fibre strength and τmatrix the
interfacial shear strength. As the critical length is a
function of the interfacial shear strength, it will influ-
ence the defect behavior (whether a fibre pull-out or
fibre fracture occurs). Unfortunately, the interfacial
shear strength is unknown. So the critical fibre length
was estimated by evaluating the free fibres of the frac-
ture surface from the CT data by conducting several
segmentation steps. It was assumed, that the fibres
were pulled out of both parts to the same extent. The
critical length can than be estimated by selecting the
longest pulled out fibres. It was decided to evaluate
the length of the longest 10 fibres oriented in direction
of the applied force.

For estimation of the local strain distribution inside
the material the Avizo Software 3D (Thermo Fisher
Scientific) and its Digital Volume Correlation (DVC)
tool was used. A tetrahedral mesh with a average
edge length of approximately 200 µm was used.

The Digimat software was used for the microme-
chanical simulations of representative volume elements
(RVEs). The necessary work steps are shown in Fig-
ure 2. Generally, before starting simulations of rep-
resentative volume elements, the material response
needs to be known. A material model was derived
by reverse engineering, based on mechanical exper-
imental results (stress-strain curves of tested sam-
ples with main fibre orientation of 0◦, 45◦ and 90◦)
and the knowledge of the fibre characteristics (fibre
length, fibre orientation, fibre diameter) of these tested
specimens. Initially, a suitable material model was
used, which was iteratively adjusted by optimizing
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Figure 2. Schematical workflow for the micro-mechanical simulations.

Figure 3. 3D rendered CT volume view of fracture surface with colored protruding fibres.

the Young’s modulus, the Poisson’s ratio, the yield
stress, several hardening parameters and the aspect
ratio until the model match the experimental results.
Based on the fibre characterization data gained by CT,
the RVE for the CR 0◦ test specimen was generated
in Digimat-FE. A cubic RVE with a edge length of
500 µm was generated and filled with fibres of sphero-
cylindrical shape. The nominal fibre content was set
to 24 wt%, the diameter was set to 13 µm and based
on the fibre characterization by CT data a mean fibre
length of around 470 µm was used. These characteriza-
tion additionally provided the information on the fibre
orientation distribution. An average fibre orientation
tensor with a main orientation in z-direction was ap-
plied. The fibres were assumed to be perfectly bonded
in the matrix with no failure criteria. The mechan-
ical loading was selected with a periodic boundary
condition and quasi-static mode. Finally, the micro
structural simulations were performed with the abaqus
solver for different load types.

3. Results and discussion
Due to a non-uniform stress distribution inside the
materials, only fibres in direction of the force were
considered for the estimation of the critical fibre length.
Similar to other studies [8] [14], the estimation was
performed based on the critical length model first
reported by Fu et al. [15]. Assuming, that the fibre
was pulled out of the other part by the same extent,
the critical length can be estimated by selecting the
longest pulled out fibre lp,max according Equation (2).

lc ≥ 2 ∗ lp,max, (2)

In Figure 3 a 3D rendered view of the fractures
surface and the segmented protruded fibres (coloured
green) is shown.

Based on this data set, the ten longest fibres ori-
ented in direction of the force were selected (fibre orien-
tation tensor component aZZ > 0.9) and a mean value
for the longest pulled out fibre length lp,max was calcu-
lated to get rid of any segmentation errors. According
to 2 this resulted in a critical fibre length of around
1 070 µm. Based on the Kelly-Tyson model and assum-
ing a fibre strength of approximately 2 500 MPa as well
as a nominal fibre diameter of 13 µm, the interfacial
shear strength was calculated at around 15 MPa.

Figure 4a shows a comparison of the stress-strain
curves of the monotonic tested, the interrupted tested
and the simulated CR 0◦ test specimen. The lower
stress values of the interrupted tested specimen can
be explained by relaxation due to the longer testing
procedure. Generally, deviations between experiments
and simulations can be expected, especially in the plas-
tic region, because of the used elastic-plastic material
model and the assumed perfectly bonded fibres, which
is indeed not the case. Nevertheless, the probability
distribution of the maximum principal strains inside
the material (normalized bins) show good accordance
for simulation (approx. 740 000 nodes) and interrupted
in situ experiment (approx. 3 600 nodes).

From the results of the micro structural simulation,
two fibres were selected and the according strain distri-
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Figure 4. Stress-strain curves (a) and probability distribution of the maximum prinicipal strain (b) of experiments
and simulation for the CR 0◦ test specimen [12].

Figure 5. RVE with selected fibres and strain distribution along these fibres. [13]

Figure 6. Sectional images of fibre pull-outs (a) and
fibre fractures (b) with dimensions of selected fibres
(green lines) and marked defects (red arrows).

bution along those single fibres were evaluated (shown
in Figure 5).

The RVE simulation enabled the investigation of the
strain along selected fibres. As expected the highest
strain could be observed for fibres in direction of
applied force, with a peak in the centre of the fibre, as
theory reported. Therefore, fibre fracture is expected
if the fibre length is longer than the critical length.
For fibres oriented perpendicular to the applied force,
the strain is significantly smaller.

In a next step, some comparable fibres were selected
from the real structure. By using CT slice images of

Figure 7. Fibre pull-outs followed by fibre fracture
(l < lc).

the last volume data set before fracture, it was possible
to measure the fibres. To achieve the maximum stress
in the fibre, the fibre length must be greater than
the critical length lc. In Figure 6a two fibres, that
are smaller than the critical length, are presented.
According to theory, fibre pull out and no fibre fracture
is expected, as the maximum stress in the fibre is not
reached. The sectional image in Figure 6b shows
a fibre which is slightly longer than the estimated
critical fibre length of 1 070 µm and therefore fibre
fracture can be observed.

Nevertheless, not all fibres smaller than the critical
length pull-out. Some of them also fracture in a
previous load step (see Figure 7). When scrolling
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Figure 8. Selected fibres showing fibre pull-outs and
fibre fractures dependent on their length and neig-
bouring fibres(with overlayed max. principal strain
distribution).

through the CT data, it can be recognized, that the
reason for this behaviour might be neighbouring fibres,
influencing the local stress and strain behaviour and
thus leading to fibre fracture.

An further example is presented in Figure 8, where
the fibre is longer than the critical fibre length. In this
example the fibre fractured at two positions. Addition-
ally, the strain distribution (correlating unloaded state
with last load step before fracture) is shown. Figure 8
reveals that these two fracture positions are exactly
at areas where there are a lot of neighbouring fibre
ends, thus influencing the local strain distribution.

Further, other defect types can be found in the
tested samples, for example matrix fracture and fibre
matrix debonding. Some examples for the latter are
presented in Figure 9. There is no load transmission
to the fibre by shear for fibres aligned perpendicular
to the force. Such cases can be treated as an interface
crack between two dissimilar materials and thus might
be to small to be quantified by CT. Another reason,
why no greater fibre-matrix debonding defect is re-
vealed, are probably surrounding defects like matrix
fractures absorbing the load (Figure 9a). For curved
fibres, the direction of load transmission changes (also
due to neighbouring fibres) and again shear forces
cause a fibre-matrix debonding (Figure 9b). Fur-
thermore, heavily curved fibres could be identified,
showing a lot of fibre fractures already in unloaded
state and fibre-matrix debonding with increasing load
(Figure 9c). Those defects are process induced and
are critical with respect to their crack propagation
potential.

4. Conclusions
Simulation results of the strain distribution along se-
lected fibres correspond with theory and the expected
fibre fracture behaviour. Nevertheless, the in situ
experiments and a detailed look on various sectional

Figure 9. Further examples for different fibre cur-
vatures, revealing no fibre/matrix failure (a), fibre-
matrix debonding (b) and fibre fractures (c).

images revealed that the fracture behaviour of indi-
vidual fibres is strongly influenced by neighbouring
fibres and the local strain distribution.

The determination of the fibre length of the ten
longest free fibres oriented in direction of the applied
force, allows for the approximation of the critical fibre
length and the interfacial shear strength, based on
the Kelly-Tyson model. However, this method and
the obtained values are not verified by other methods
so far. Further investigations should consider the
influence of testing manner and sample geometry.

List of symbols
lc critical fibre length [µm]
lp,max determined longest free fibre length (mean) [µm]
d fibre diameter [µm]
σfibre fibre strength [MPa]
τfibre interfacial shear strength [MPa]
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