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Abstract. Fiber reinforced plastics (FRP) are in widespread use for high 
performance applications such as aerospace, wind energy, and automotive as well as 
leisure and sports articles. If lightweight structures are needed, engineers prefer 
them over metals due to their superior weight to stiffness ratio. By constructing 
laminates with different fiber directions, the material can be tailored to the load case. 
Unlike metals, which show rust or dents, FRP do not allow their degradation to be 
easily detected by visual testing. Degradation of FRP under cyclic loading occurs in 
the form of microscopic matrix cracks. These occur first where the fibers are not 
aligned to the loading direction. When increasing the number of load cycles one also 
observes an increase in crack density. From areas of high crack density the cracks 
spread throughout the whole material until final failure. Because many of the 
aforementioned applications imply long term usage and a high risk to the user if the 
structure fails, testing methods for integrity assessment are needed.  
 The high elastic anisotropy in FRP is a great challenge for non-destructive 
testing methods. But it also opens the opportunity for specialized methods like 
ultrasonic birefringence, which is able to exploit the anisotropy for material damage 
state characterization. Ultrasonic birefringence is based on the difference between 
propagation velocity of transverse ultrasonic waves polarized parallel respectively 
perpendicular to the fiber direction when propagating in through thickness direction. 
This velocity difference characterizes the integrity of a single ply. Interference 
effects occur at the interfaces between plies, too. Both effects can be modelled using 
a physics based model. Using the model and comparing modelled and measured 
results, the evolution of fatigue damage in quasi-isotropic CFRP specimen subjected 
to cyclic loading was monitored and damage was characterized for each fiber 
direction in the layup. 

Introduction 

In the face of new technological challenges to yield even better CO2 emission reduction, 
lightweight construction is reaching out from high performance applications like aerospace 
industry, sports cars, or wind energy to more mass production areas such as road vehicles 
like the BMW i3. Fiber reinforced plastics (FRP) are used in many of these applications 
because of their superior stiffness-to-weight and strength-to-weight ratios. The combination 
of fibers and polymer matrix also allows for much greater flexibility in the shapes of 
structures as well as integration of functionality. Also they are more robust against 
environmental influences like oxidation. 

The mix of high strength and high stiffness fibers with low strength and low 
stiffness matrix makes the damage mechanisms in FRP complex. A standard way of using 
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FRP is layups, by which plies of FRP with different fiber orientations are stacked on top of 
each other. The fiber orientations are chosen depending on the direction of the expected 
loads. Because of that, in almost every FRP-part plies exist whose fibers are not aligned 
parallel to the load that is applied to it. In these plies, fatigue damage is initiated by 
formation of so called transverse cracks, which are parallel to the fibers but perpendicular 
to the plane of the plies and extend through the entire thickness of the plies [1–8]. Most of 
these cracks form in the beginning of fatigue life, until a saturation level is reached. The 
transverse crack growth rates depend on thickness, orientation and stacking sequence of the 
plies [1, 4, 5, 8]. They do promote the formation of delaminations between the plies 
because stress concentrations arise at their tips [3], also leading to fiber fracture which 
usually equals ultimate failure of the laminate [4]. 

The stiffness decay due to these cracks has been detected using ultrasound in an 
immersion bath to measure the bulk velocities [9] or lamb wave velocities exited using 
contact [10] and air-coupled [11] ultrasound transducers. These methods all yield 
information about the overall state of a laminate. Another method, ultrasonic birefringence, 
was first applied to the problem of fatigue of FRP in [12], and will be presented here. 

The term birefringence describes the phenomenon of polarization direction 
dependent propagation velocity of waves. It is textbook knowledge in optics [13] and also 
exists for ultrasound. Applications of the ultrasonic version are in-situ detection of polymer 
molecule orientation in semi-crystalline polymers during injection molding [14], detection 
of layup errors in the production of composite parts [15], characterization of texture in 
rolled metals [16] or more academic rotation of the polarization direction of a shear wave 
by using CFRP with a chiral layup sequence [17]. 

Materials and Methods 

Birefringence Measurement Setup 

The setup for birefringence measurements of [12] consists of a shear wave transducer 
(Krautkrämer K4KY) which is rotated by a stepper motor in 3.6° steps (Fig. 1). The 
couplant was SLC 70, GE Inspection Technologies, Hürth, Germany. At each step an a-
scan is made by the Ritec SNAP RAM-5000 ultrasound system, which uses its heterodyne 
receiver unit to detect amplitude and phase of the back wall echo. Amplitude and phase are 
then plotted over the transducer rotation angle to yield the curves presented in the results 
section. Measurements were performed on five locations of the specimens and then 
averaged. 

 

Fig. 1. Schematic setup for birefringence measurements 

CFRP Fatigue 

The specimens of [12] were 25 mm wide and 250 mm long CFRP-strips with a thickness of 
3.1  mm made from Hexcel HexPly® M18/1 UD G947. GFRP/aluminum end tabs were 
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used, fatiguing was performed in an Instron 8502 servo hydraulic testing machine at 80% 
static tensile failure load. Cyclic loading was interrupted at predefined numbers of cycles to 
perform the ultrasonic birefringence measurements. 

Theory 

To model birefringence in layered composites, multiple theories have been 
developed. One theory, which is used in e. g. [18, 19] and traces back to the works of 
Thomson [20] and Haskell [21], calculates effective reflection and transmission coefficients 
for ultrasonic waves of arbitrary polarization and incidence angle on the laminate even 
accounting for longitudinal-transverse mode conversions. It does not include attenuation, 
but accounts for all reflections between the plies. To perform the calculation using that 
model, all stiffnesses of the material need to be known. 

Another model is the ply-by-ply vector decomposition model presented in [15]. Its 
basic assumption is that the shear wave, which is incident perfectly perpendicular on the 
specimens surface, splits in two parts being polarized parallel and perpendicular to the 
fibers. At an interface between two plies whose fibers are not aligned parallel to each other, 
each of the two waves splits up again in two parts, one parallel and one perpendicular to the 
fibers in the second ply, yielding four waves. Since this happens at each interface, for 軽 
plies に� waves will be arriving at the opposite end of the ply. The splitting is calculated by 
projecting the waves polarisation direction onto the fiber direction. The velocity difference 
between the polarisation directions is included in the model via time shifts of the waves 
according to thickness and phase velocity in the plies. The waves are represented by 
digitized a-scans, which were shifted in time and multiplied by factors calculated from the 
splitting operations. Hence for 軽 plies in a transmission setup に� digitized a-scans had to 
be processed and summed up. Even though simplifications for plies of equal fiber direction 
are possible, the computational expense is high. This model may be calculated using only 
the shear stiffnesses for polarization parallel and perpendicular to the fibers, but also 
includes attenuation. 

In [12] a model is presented which uses the same mechanism for representation of 
the wave splitting at interfaces between the plies as the previous one. But instead of using 
digitized a-scans to represent the ultrasonic waves, each wave is represented as a complex 
number with its amplitude being the magnitude and phase information encapsulated in the 
argument. Also the number of waves does not increase because at each interface between 
two plies the waves from the previous ply are recombined. This reduces the computational 
expense to only a few matrix multiplications and hence made extensive parameter 
variations in a short time feasible. 

For the sake of simplicity, the model is limited to waves traversing the plies 
perpendicular to their plane. It is based on two basic effects:  Phase shift and attenuation within the plies  Interference of the incident waves and decomposition into partial waves at the 

interfaces 
Phase shift and attenuation of a wave with polarization direction parallel (∥) 

propagating in ply 券 of a layup can be described by �津∥ = 結�喧岫−�津∥穴津岻 結�喧嵜−倹�穴津√ �津�津∥崟 

with angular frequency �, thickness 穴津, density �津, attenuation constant �津 and 
shear modulus �津. Obviously the same is valid if the wave was polarized perpendicular to 
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the fibers, in the model only the index would have to be changed to ⊥. Both waves, 
polarized parallel and perpendicular to the fibers, are combined in a matrix �̿津 = (�津∥ どど �津⊥) 

to represent ply 券. 
The interface between two plies 券 and 兼 is represented by a simple coordinate 

transform in matrix form �津̿,陳 = ( 潔剣� ��津,陳 �件券 ��津,陳−�件券 ��津,陳 潔剣� ��津,陳), 

just as it would be used to transform points between two coordinate systems of 
which one has been rotated about the origin by an angle Δ�津,陳, which is the difference 
between the fiber orientation angles in the two plies. The two types of matrices are the used 
to represent the laminate by just multiplying them together from right to left. A 0°/90° 
layup in a transmission setup would hence be represented by 詣̿[岫待° 9待°⁄ 岻transmission] = �̿9待°�待̿°,9待°�̿待°. 

In this case, as will be done in the rest of the paper, the index 券 indicates the fiber 
direction in the ply. If the measurement was instead performed in reflection mode, also the 
wave traversing back from the back wall to the transducer would have to be included in the 
model, yielding  詣̿[岫待° 9待°⁄ 岻reflection] = �̿待°�9̿待°,待°�̿9待°�̿9待°�待̿°,9待°�̿待°. 

In this case it should be noted that not only the order in which the matrices are 
multiplied is important, but also the direction of an interface matrix matters, because 
generally �津̿,陳 ≠ �陳̿,津. 

The link between the theory and real measurements is closed by including a 
vector �̅�津 of incident amplitude and a vector �̅墜通痛 of received amplitude. The first 
component of these vectors is the amplitude parallel to the transducers polarization 
direction, the second one is the amplitude polarized perpendicular to it, which is not 
detectable. To account for the orientation   of the transducer, also interface matrices for the 
interface between transducer and laminate need to be included. �̅墜通痛 = 峭�̅∥墜通痛�̅⊥墜通痛嶌 =  �待̿°,Θ詣̿[岫待° 9待°⁄ 岻reflection]�Θ̿,待° (�̅∥�津ど ) 
Parameter Study 

To demonstrate how the stiffnesses and attenuations in the material influence the measured 
results, a parameter variation will be presented here on a [0°/45°/90°/-45°]S2 laminate in 
pulse echo mode. To facilitate this, the model described above was implemented in MatLab 
code. Because of the models simplicity, generating all the figures of this section is feasible 
within seconds on a desktop computer. The material properties, which were measured on an 
UD-laminate in [12], are given in Table 1, except for the density, which is � = な.5 �/潔兼戴. 

 
Table 1. Mechanical properties of CFRP-material, [12] 

Polarization direction Shear stiffness  Attenuation 
Parallel to fiber �∥ = 5どどど 警�� �∥ = 5どど 兼−怠 

Perpendicular to fiber �⊥ = ぬ5どど 警�� �⊥ = ぬ5ど 兼−怠 
 
Starting from these properties, degradation first in the 90°-plies and afterwards in 

the -45° plies respectively both +45° and -45° plies was chosen to present how the 
ultrasonic birefringence method is expected to reflect the damage in the material (Table 2). 
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Only the values of stiffness and attenuation for waves polarized perpendicular to the fibers 
were changed, as these interact with the transverse cracks. The sequence in which the 
damage is anticipated is coherent to the findings cited in the introduction. First, only the 
90°-plies are expected to be weakened, as their fibers do not align with the loading 
direction at all. Secondly, the ±45°-plies should be damaged. To show the sensitivity 
towards the difference between equal damage in +45°- and -45°-plies, both equal damage 
as well as damage to only one direction is modelled. 

 
Table 2. Material properties used in parameter study 

Step ��宋°⊥ in ��� 
��宋°⊥ in �−層 

�−想捜°⊥ in ��� 
�−想捜°⊥ in �−層 

�+想捜°⊥ in ��� 
�+想捜°⊥ in �−層 

1 3500 – 3150 350 3500 350 3500 350 
2 3150 350 – 1350 3500 350 3500 350 
3 3150 1350 3500 – 3150 350 – 1350 3500 350 
4 3150 1350 3150 350 3500 350 
5 3150 1350 3500 – 3150 350 3500 – 3150 350 
6 3150 1350 3150 350 – 1350 3150 350 – 1350 

 
In the first two steps of the degradation sequence (Fig. 2, Fig. 3), which do only 

model changes in the 90°-plies, it becomes obvious as to which parameter is seen in the 
amplitude curves and which in the phase curves. Phase is strongly dependent on stiffness 
changes, and amplitude is more dependent on attenuation, as one would intuitively expect. 
Because the transverse waves polarized parallel to the 0°-direction are perpendicular to the 
fibers in the 90°-plies it seems understandable that the largest changes in phase as well as 
amplitude are seen in the 0°-direction. But also an asymmetry of the curves with respect to 
the 90° (or 0°) polarization direction is visible, which is due to the presence of -45°- and 
+45°-plies adjacent to the 90°-plies. 

 

Fig. 2. Amplitude and phase evolution due to 10 % reduction of �9待°⊥. Arrow points towards lower �9待°⊥. 
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Fig. 3. Amplitude and phase evolution due to 1000 兼−怠 increase of �9待°⊥. Arrow points towards higher �9待°⊥. 

The link between attenuation and the amplitude curves respectively stiffness and the phase 
curves also is seen for damage in the -45°-plies (Fig. 4, Fig 5). Here a strong deformation 
of the phase curve from a more rectangular shape to a saw tooth shape is seen for stiffness 
decrease, which is partially reverted by the attenuation increase. Attenuation increase also 
seems to shift the amplitude curves. 

 

Fig. 4. Amplitude and phase evolution due to 10 % reduction of �−替泰°⊥. Arrow points towards lower �−替泰°⊥. 

 

Fig 5. Amplitude and phase evolution due to 1000 兼−怠 increase of �−替泰°⊥. Arrow points towards higher �−替泰°⊥. 
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If instead of the only the -45°-plies both 45°- and -45°-plies are equally damaged, phase 
curves seem to be shifted to lower phase values only for the stiffness decrease (Fig 6), 
without obvious deformation. The amplitude curves are scaled by the increased attenuation 
(Fig. 7), which only infers a slight deformation of the phase curves. 

After this short introduction into the interaction between the plies material 
properties and the resulting phase and amplitude curves, the matching of simulated and 
measured curves to track the progress of fatigue will be presented in the next section. 

 

Fig 6. Amplitude and phase evolution due to 10 % reduction of �−替泰°⊥ and �替泰°⊥. Arrow points towards lower �−替泰°⊥ and �替泰°⊥. 

 

Fig. 7. Amplitude and phase evolution due to 1000 兼−怠 increase of�−替泰°⊥ and �替泰°⊥. Arrow points towards 
higher �−替泰°⊥ and �替泰°⊥. 

Results and Discussion 

To match measured values with modelled values, values measured were displayed as 
individual phase and amplitude curves. To cope with measurement uncertainties due to 
unequal couplant layer thickness, phase values were shifted such that their minima were 
aligned and amplitude curves were scaled to a maximum of one. Input parameters to the 
model were varied until measured and simulated curves were visually matching each other. 
The parameters varied were the shear stiffnesses perpendicular to the fibers �⊥ in the 90°-, 
45°-, and 45°-plies as well as the correspondig attenuations. 0°-ply properties as well as 
stiffnesses and attenuations for waves polarized parallel to the fibers were not varied, which 
is in accordance with the findings on FRP fatigue listed in the introduction. The measured 
and simulated curves are displayed in Fig. 8, while the stiffnesses and attenuations used in 
the simulations are given in Fig. 9. 
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Like has been expected from the parameter study, an increase in the difference 
between maximum and minimum phase is seen during the fatigue life, which can be 
partially attributed to damage in the 90°-plies. But also a shift of the amplitude curves 
maximum from about 90° transducer orientation to approximately 120° indicates that 
damage must progress stronger in the -45° plies than in the +45°-plies. If it were equally 
distributed among the +45°- and -45°-plies as was shown in Fig 6 and Fig. 7 in the 
parameter study, the maximum would not have shifted. The saw tooth to rectangular shape 
deformation of the phase curve seen in the attenuation increase in the -45° plies (Fig 5) is 
also partially visible in the measured phase curves. Attentive readers will notice that one 
simulated curve seems to be missing. This is due to almost complete coincidence of two 
successive measurement results. 

 
Fig. 8. Measured (top) and simulated (bottom) phase (left) and amplitude (right) curves of fatigue tracking 

measurement. Simulated curves were generated using values from Fig. 9 and Table 1. Arrows indicate 
increasing number of fatigue cycles. 

 
Fig. 9. Material properties used to generate the curves in the bottom row of Fig. 8 
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The shear stiffnesses and attenuations obtained by the matching of measured curves with 
simulations (Fig. 9) do reflect the damage progression anticipated from the literature very 
well. Especially the rapid decrease in the beginning of fatigue life is reflected. The reason 
for larger stiffness decrease in the -45°-plies as compared to the 45°-plies is to be found in 
the nature of the layup. In the [0°/45°/90°/-45°]S2 layup the -45°-plies are twice as thick as 
the others (because [A/B]S = [A/B/B/A]) and they are located between 90°-plies. Both facts 
are reasons for accelerated damage progression in these plies, since thicker plies are more 
susceptible to damage and crack in the 90° plies induce stress concentrations in the 
neigboring plies. However it is unclear as to why the attenuations of the 45°- and -45°-plies 
appear to remain almost equal. 

Summary 

Ultrasonic birefringence was used to track the evolution of fatigue damage in CFRP under 
cyclic tensile load. Shear stiffnesses and attenuations could be obtained by matching of 
measured and modelled data. Besides the simplicity of the measurement setup the 
possibility to extract fiber direction resolved information makes it more detailed than 
methods which only give general information about FRP damage state. 

The potential of the method should be further extended by inclusion of reflections 
(like in [18]), but also attenuation (as presented in [12] and [15]), scattering, and finite 
length pulses (as in [15]). Accounting for these effects should enable the method to also 
differentiate between damage in different depths in the specimens as well as give further 
information about the kind of damage from scattering. 
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