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Abstract
In the scope of composite process monitoring, the present publication will expose the implementation of infrared thermography on a filament winding pilot line. For that final purpose, infrared thermography has been evaluated, implemented and validated on the process line. Infrared thermography appears as a good asset for two purposes, detecting the defects created by the process and monitoring the process parameter evolution.

1.
Introduction
Filament winding process is mainly used for the purpose of pressure vessels or pipes manufacturing. Due to the winding process, defects between the layers in the thickness or along the axe of the structure can appear. A project in CETIM has been carried out in order to identify the critical defects that could occur during the process and to monitor them online.
2.  Process description
The filament winding process for thermoplastic composites consists in winding a thin composite tape around a liner in order to build a multi-layer structure. The composite tape is heated locally by a laser at a temperature close to the fusion in order to make it adhesive to the substract thanks to a contact pressure made by a polymer roller. Once the two surfaces are in contact, the cooling phase begins. The laser and the tape are mounted on a robot in order to wind the tape along the liner with variable orientations.

The thermal behavior of the tape can be studied because it can give important information about the quality of the weld. For example the inner face of the tape is always exposed to the laser whereas the exterior face is only subjected to the roller. The heat brought by the inner face is diffusing through the thickness. The temperature distribution is satisfying in the thickness of the tape but there is a thermal gradient with the substract [1]. It has been noted that between the tape heating phase and the welding to the substract, there is a grey zone linked to the roller curve. This zone has an impact for the thermal response because it is not heated by the laser directly but only by conduction coming from the surroundings areas. Second to the material and process parameter, temperature is reducing drastically, which can cause a bad welding of the tape to the substract, characterized by a low mechanical behavior.  The necessity of evaluating the thermal behavior of the tape requires an inspection mean capable of detecting the defects caused by the process thermal variations.
3.  NDT Qualification
3.1. FMEA

The defects to be implemented have been selected thanks to a FMEA (Failure Mode Effects Analysis) of the process. It consists in attributing a quotation for each type of defect, taking into account the type of defect, the occurrence and the harmfulness. To determine the criticality of the defects, it is the mechanical effect which has been predominantly considered. Indeed the first aim of a part is to ensure a mechanical function, taking into account the different loads which can be applied to the part. Defects can have several impacts as for example static or fatigue properties, impact resistance.

In order to monitor the process and to qualify a non destructive method, the FMEA has been used to select the relevant NDT method, regarding the most critical defects and the online monitoring aspect. The defects which appear critical are the tape internal defects such as lack of impregnation, delamination, and the winding defects such as interlayer defects  and air gap (Figure 1).
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Figure 1. Abstract of the thermoplastic filament winding FMEA
3.2. Defect implementation
Following the FMEA focusing on the critical defects, artificial defects have been made during a production of a pipe. The defects have been realized on the surface of a composite tape layer and then overlaid by an other composite tape layer. 

Two types of defects have been made, internal defects and winding defects. The Internal defects were made by polyimide film creating air gaps between layers, small particles simulating porosities between layers.

The winding defects creating were overlaps and gaps. These defects have been created by skewing the process parameters. 
3.3.
Sensitivity evaluation
A comparison has been made between active pulsed thermography and passive thermography in order to select the most relevant technique, considering the sensitivity but also the operational aspects. Microscopic observations have then been carried out to characterize the shape and size of the defects. The two types of defects have been reproduced with a certain gap with the reality for the internal defects but a good representation for the winding defects.

Passive thermography appears as the most relevant technique, giving a satisfying sensitivity and flexibility in terms of implementation, even though active thermography gives a better sensitivity and defect definition. The thermal signatures of the defects were pretty significant without needing post processing.
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Figure 2. Comparison between an infrared image (left) and a micrographic analysis made along the black line of the infrared image (right).
4. Adaptation to the production line

4.1. Mechanical tooling

A mechanical tooling has been designed in order to be implemented to the robot head taking into account the sizing of the machine and the moves occurring during the process, and varying according the type of the structure in fabrication.

The hypotheses taken to design the system are the following:

· Thermal image width wzone must be higher that the tape width wtape : wzone>wtape
· The angle between the top of the image or the bottom of the image and the tape surface must be under 30° (see Figure 3) : α < 30°
· The tape orientation of 90° is the less advantageous case for the reason that they have the highest curvature radius. The measure area available for a right measurement is smaller.
· [image: image9.png]


The distance between the thermal camera objective and the thermal scene Dm must be higher than the minimal thermal camera focal distance dmf, which is 250 mm.
[image: image10.png]63,

62|

61

60|

59|

58|

57|

56/
(]

10

20

30

40

50

60

70

80




Validation tests have been performed during a production at a speed of 7 meters/min. Winding defects such as gaps and overlaps between tapes were detected. The mechanical tooling was giving satisfying thermal images with a good stability, giving possibilities for signal analysis.
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Figure 4: Infrared camera mounted on the robot head
3.1. Automatic defect detection

A post analysis tool has been developed in order to ease the thermal cartography analysis with a 3D representation and automatic defect detection.

Thermal image analysis consists in studying temperatures variations, establishing detection thresholds in order to detect defects on thermal images. Several approaches have been tested and evaluated second to their precision results and their reliability.  The analysis retained is based on temperature gradient analysis, which is sufficient knowing the significant thermal signature of the defects to be detected (see 3.2.Sensitivity evaluation).

The temperature gradient is evaluated on the tape width with a temperature profile. The temperature profile is situated along the tape width and a part of the tape previously winded (Figure 5). 
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Figure 5. Thermal image and temperature profile location
The temperature of a sound area is presented Figure 6. This tape temperature profile has then been modeled as a sound area profile. For the detection of the internal defects and winding defects a threshold has been defined in order to enlight them.



Figure 6. Temperature profile on a sound area (left), temperature profile model (right)

Once a threshold is overrun on several neighbour pixels a defect area is defined and characterized. For example overlaps or gaps in case of a high temperature gradient located on the pixel close to the left limit of the tape. All the defect areas are then collected and represented on a 3D model (Figure 7).
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Figure 7. 3D representation of defects areas (overlap in red and gap in blue)
5. Conclusions
In this work, a NDT method was evaluated and integrated on a composite process line. The aim of this application was to be able to detect the most critical defects which could appear during composite filament winding. Infrared thermography gave satisfying results. Further steps of the work consisted in representing inspection results on a 3D shape.
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