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Abstract

For the rework and the repair of thin-walled and complex shaped composite structures, a new approach based on adapted laser technology as well as piezo technique has been developed. Within the frame of the joint research project “ReWork” pulsed laser radiation is used to ablate the single layers of a CFRP structure. By a defined scanning of the laser beam across the surface, the carbon fibers and the matrix material are removed simultaneously. In this manner, damaged areas of the composite part are removed and the required stepped structure for a following patch insertion is realized. In order to provide highly accurate ablation profiles, the laser process is controlled by an inline measurement technology based on optical coherence tomography. Hereby the precision of the respective ablation depth is enhanced up to a deviation of less than 20 µm. 
The patch repair is accomplished by integrating piezo elements. Piezo actuators underneath the repair zone and on top of the integrated patch in conjunction with piezo sensors close to the repair patch at the surface of the original part are the basis for the monitoring of the consolidation phase. By providing tailored algorithms, a quantitative analysis of the curing progress as well as the resulting joint strength is realized. 
1.
Introduction
A powerful use of limited resources is one of the greatest challenges of our times. In this respect, fiber reinforced composite structures are already being used in various industrial sectors. However, in order to have a broad use of composite materials, both suitable rework and repair technologies are needed for a variety of materials, constituting a prerequisite for economic, flexible and automated large batch production. In this context, adapted process technologies for the required preparation step (scarfing, layer-by-layer removal) as well as for the refilling patch insertion step are sought.
In particular for the surface post-processing of thin-walled and complex shaped CFRP structures there is no reliable method available on the market. The joint research project “ReWork”, co-ordinated under industrial leadership, focuses on this topic by optimizing the single steps of the process chain concerning its automation. Both the removal of the defect or the imperfection and the patch-repair by means of new fiber plies as well as the corresponding consolidation phase are investigated in order to provide a complete overhaul.
As a first step, the detected damaged area within the composite part has to be carefully removed [1, 2, 3]. Conventional tools are suitable to only a limited extent for this task, since existing techniques require adequate clamping forces and the removal process itself functions on the basis of force (e.g. milling, grinding, abrasive water jet), which is critical for the machining of thin-walled components.
In contrast, laser technology offers the advantage of force-free processing, allowing a detailed layer-by-layer removal of the composite structure which is the prerequisite for a precise ply-repair [4]. However, laser material processing is a thermal treatment and deposition of excess heat in the CFRP structure can lead to a high thermal impact causing heat affected zones (HAZ) that potentially weaken the composite part by influencing the fiber-matrix-adhesion [5]. Thermal stress during the ablation process can be minimized if short pulsed laser radiation is applied. As it was already shown in [6, 7], laser systems emitting radiation with pulse durations in the nanosecond-regime are capable of gently removing the material surrounding the damaged area.
In contrast to conventional removal techniques, for laser based processes the optical characteristics of the composite material have to be taken into account. What this means in detail is that e.g. variations in the absorptivity of the respective surface for the laser wavelength might lead to an altered ablation behavior of the fiber-matrix-structure due to ineffective coupling of the laser light. In consequence, the material removal rate per laser pulse can vary during the process, resulting in inconsistent ablation profiles. In order to cope with this challenge, the ablation depth should be monitored and controlled inline during the scarfing process. Within the ReWork project, optical coherence tomography as high-precision measurement technology is integrated into the laser ablation process.

Optical coherence tomography (OCT) is an imaging technique based on the low-coherence interferometry principle. An interferometer with a light source of low coherence length is used to determine the changes of a certain distance with high accuracy. The short coherence length is achieved through the use of light sources that emit broad spectrum light [8]. The applied light sources are typically super luminescent diodes. With this technology displacements up to ±5 µm can be detected.
The next step is patch repair, which is accomplished by integrating piezo elements into the process chain. Piezo actuators underneath the repair zone and on top of the integrated patch in conjunction with piezo sensors close to the repair patch at the surface of the original composite part are the basis for the monitoring of the consolidation phase. By providing tailored algorithms, a quantitative analysis of the curing progress as well as the resulting joint strength is realized. The piezo sensor system is connected to the control of a heating device, providing the required process heat and contact pressure for the curing phase. With this set-up an active temperature control is realized by a correlation of the piezo data and the performed repair structure.    
In the following section the materials used, the process technology and the corresponding technical approach are presented.
2.
“ReWork” – Composite’s repair
2.1. 
Material specifications
The materials under investigation in ReWork are aviation class CFRP with an epoxy matrix. M21E-IMA-34-194 is a non-crimped fabric with lay-up and layer thickness of about 180 µm. HexPly 913C-926-35% is a crimped fabric with lay-up. Each fibre layer is approx. 360 µm thick.
2.2. 
Layer-by-layer removal using short pulsed laser radiation

The laser-based rework is performed using a short pulsed laser system emitting radiation at a wavelength of λ = 1060 nm. Its average output power is PL,avg = 100 W at a pulse repetition frequency of f = 100 kHz. The laser pulses have a duration of τ < 20 ns. Figure 1 depicts the laboratory set-up.
[image: image1.jpg]Laser fibre
Beam path

Collimator and
Beam expander
OCT adjustable
Reference arm

Galvanometer scanner

Case with dichroitic mirror
Focussing lens

z-axis

Exhaust

CFRP work piece

with hatch pattern

Cross-jet
x-y-stage




Figure 1. Laboratory setup for laser-based rework.
Aside the laser source the optical set-up consists of a galvanometer scanner and the OCT’s adjustable reference arm. The galvanometer scanner contains a pair of highly dynamical mirrors that allow the deflection of the laser beam and the generation of 2D-geometries within the focal plane on the work field. It is used to hatch the rework zone of a work piece. That means the desired area is filled with a hatch pattern of parallel lines that will be scanned by the laser beam. By multiple scanning of the hatch pattern the CFRP is gradually removed until a specified depth is achieved. With each removed layer the size of the hatch pattern is removed by an amount defined through the scarf ratio until the damage base is reached.
However, the material’s inhomogeneity results in inconsistent material removal which leads to a significant waviness of the generated surface. In order to achieve a flat homogeneous surface the laser process is combined with an OCT, an optical measurement procedure to precisely detect the removal depth.

2.3. Optical determination of ablation depth

Optical coherence tomography follows an interferometric measuring principle comparing a measured distance to a fixed reference distance. Figure 2 shows the measurement principle.
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Figure 2. OCT principle combined with laser machining setup.
The machining laser passes unaltered through a dichroitic mirror that performs as filter for light of specific wavelengths. It continuous into the galvanometer scanner and is deflected onto the targeted CFRP object. The OCT sensor also generates a non-polarized laser light of significantly less power than the machining laser’s. The light travels through a beam splitter which separates the beam path into a reference arm that aims at the reference mirror and a measuring arm that leads towards the CFRP object.
For a combined laser machining and OCT setup it is required that OCT laser and machining laser are of different wavelengths so that the dichroitic mirror is able to coaxially align the two lasers. However, the process requires focusing lenses for the machining laser to reach small focusing spot diameters. These are usually equipped with coatings well matched with the laser’s wavelength to reduce optical losses. The use of differing wavelengths results in position errors and a significant reduction of precision. Therefore, the wavelengths of machining laser and OCT sensor still need to be relatively similar.
However, OCT measurements meet a challenge, when they are performed via a galvanometer scanner. While moving the measuring spot with the scanner, the optical path between the reference box and the workpiece is changing. In general the distance is the shortest in the middle of the processing field. Depending on the scanning optics the distance on the edges of the field can be bigger by several millimeters. This leads to a challenge for the OCT sensor. A measuring range of around 10mm is rather big for this type of sensor. Concerning the resolution, an even smaller measuring range would be preferable. Without changing the reference length, the whole measuring range of the sensor could be occupied by the distance variation due to the scanner.
To enable a good resolution over the full processing field, a new technique to change the reference length is used. At the end of the reference path a set of end mirrors with a fixed path difference is applied, cf. Figure 3. Each of these paths can act as the reference arm. The paths can be addressed by the reference beam using a single galvanometer scanner. This scanner can be moved by applying an analog voltage to the signal input of the reference box. In this way different reference lengths can be addressed very easily.
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Figure 3. Schematic of adjustable reference arm (Source: Precitec Optronik GmbH).

2.4. 
Controlled laser scarfing

When this adjustable reference arm of the OCT is used, it becomes possible to measure distances on the complete laser’s scan field and not only in its centre. In ReWork the OCT sensor operates at a wavelength of λ = 1030±20 nm and a measurement rate of fOCT = 70 kHz. The dichroitic mirror was chosen as a high-pass filter with a narrow passband at λ = 1050 nm.

The optical setup utilised in the ReWork project allows two measuring strategies. The first strategy is the basic on-axis measurement. It begins with an OCT scan of the surface to acquire distance information for the reference surface. Afterwards the CFRP surface is hatched by the laser, which results in an increased distance relative to the reference surface. This distance change is determined by the OCT through a second scan of the surface.

The second strategy is laser machining and measuring of the achieved depth simultaneously. Due to the nearly similar wavelengths of both systems only a negligible offset between laser spot and measuring spot positions was achieved (approx. Δ = 100 µm at scan field edges) and because of the high measuring frequency of the OCT 70% of the laser pulses’ material removals can be detected. This so-called online measurement saves time compared to the on-axis measurement, but if increased precision regarding the surface analysis is required, the on-axis strategy allows selecting a slower scanning speed for the OCT measurement resulting in a higher measurement resolution.

Figure 4 shows different laser generated step structures in CFRP with crimped and non-crimped fabric with OCT scans of the respective areas.
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Figure 4. CFRP surface with laser generated step structure and corresponding OCT scan of surface topology (colour coding) for crimped fabric (a, b) and non-crimped fabric (c, d).
2.5. 
Patch repair

CFRP-components for aircrafts, e. g. fuselage and primary structures of Airbus A350 are commonly manufactured from unidirectional carbon fiber tapes. This material comprises a carbon fiber layer which is pre-impregnated with epoxy resin. A typical production process is to place a stack of layers, typically in different fiber angels like 0°, 45°, 90° and 135° in a mould, to cover the lay-up with vacuum film and to consolidate it under temperature and pressure by means of an autoclave curing process. 
Since the raw materials are high priced and the manufacturing process is complex those products have a significant value and therefore the rework of damaged parts underlies a big interest. Damages of CFRP-structures can occur during use of the aircraft (for example impact with ground vehicles during taxiing) but also during assembly of the aircraft (e.g. wrong handling of components or issues during transportation).

The rework/repair process necessary to obtain structural integrity of the repaired part is well known and described in literature. Main aspect of this process is partial removal of material around the damaged area and application of laminate patches on the surface prepared in this way. The patches are made from the same pre-impregnated fiber material and have to be cured under high temperatures. Since autoclave or oven curing is not possible for already assembled components a local heating system is necessary to apply the necessary temperature. This can for example be realized by means of infrared radiation or hot air. The process conditions (time and temperature) are essential for sufficient curing of the epoxy resin and hence the laminate quality. 
A further aspect is the surface quality of the material removal area which forms the interface to the repair material. A good interface is necessary for a good connection between laminate and repair patch which is the basis for a successful rework. For instance residual stress can create distortion of the part during material removal and can affect the surface quality. Consequently the control of temperature and curing parameters as well as control of the surface removal process are crucial for a successful repair/rework.
2.6. Process control and quality assurance 
Thermosetting polymer matrices require sufficient process conditions to obtain the necessary curing rate which is required for a good CFRP laminate. Typically the curing rate is determined indirectly by measurement of surface temperature, e.g. by means of thermocouples and by measurement of the time the temperature is applied. This is a common method which is accepted by aviation industry but a significant safety margin is added to the curing time to assure complete cross-linking of the monomers that are forming the composite matrix. 

An alternative method is to generate oscillations on dedicated spots of the repair area and to detect the corresponding oscillations on or surround the repair patch. The oscillation patterns measured by this method are interfered by the polymerization rate of the resin and can be analyzed by using special algorithms that allow determining the curing state of the laminate. 

Piezo electric patch actuators integrated in the composite or bonded on the surface are suitable for both, oscillation generation and measurement. The evaluation device for the oscillations controls the temperature of the heating system allowing reduction of the heating time to the minimum necessary to reach a dedicated curing rate without additional safety margin. This allows to reduce the rework time (which means to increase the efficiency of the process) and to perform an automated quality control of the laminate directly during the rework process.
3.
Conclusions
Within the joint research project “ReWork”, new methods for the repair and the rework especially of thin-walled and complex shaped composite parts were developed. In this context a laser process for the removal of the damaged area based on a nanosecond pulsed fiber laser in conjunction with fast scanning optics were realized. The laser process is monitored and controlled by optical coherence tomography, which is integrated into the optical path of the laser system. By combining both technologies the realized ablation depth during the scarfing procedure can be adjusted with an accuracy of ±5 µm at a spatial resolution of 50 µm.    
For applied patch repair, piezo elements have been evaluated with respect to the suitability of reducing the curing time of the matrix material in the repair zone. By introducing ultrasonic waves into the material, the corresponding signal response is detected by a pattern of piezo sensors surrounding the repair patch, providing valuable information of the curing status. A further optimization of the involved analysis algorithms will be the basis for a comprehensive rework process control in order to realize a sufficient quality assurance.
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