Introduction

Natural fiber reinforced thermoplastics represent an interesting solution in the context of the ecological transition. Their good mechanical properties allow them to find applications for structures, in the field of transport or urban furniture for example. The realization of these structures requires assemblies which can be complex. Traditional processes such as mechanical fasteners require holes to be made in the composite materials, which can lead to damage. Bonding is an interesting alternative solution, but it is much more demanding in terms of surface preparation. On the other hand, contrary to thermosets, thermoplastics have the advantage that they can be assembled by fusion. Among the processes using this property, ultrasonic welding is a very promising technique, because of its relative simplicity and speed [START_REF] Villegas | Process and performance evaluation of ultrasonic, induction and resistance welding of advanced thermoplastic composites[END_REF]. Studies have shown that the process can be controlled in-situ using machine parameters [START_REF] Choudhury | Analysis of tensile failure load of single-lap green composite specimen welded by high-frequency ultrasonic vibration[END_REF][START_REF] Bonmatin | Ultrasonic welding of CF/PEEK composites: Influence of welding parameters on interfacial temperature profiles and mechanical properties[END_REF].

While the ultrasonic welding process has been extensively studied for many configurations of thermoplastic matrix and synthetic fiber composites, this is not the case for natural fiber composites. In this case, an additional difficulty arises due to the sensitivity of the fibers to heat. Too long an exposure to high temperatures can damage the fibers and degrade their mechanical properties. Controlling the welding parameters, which are based on a local temperature increase, becomes even more important. Thus, this study focuses on the temperature profiles during ultrasonic welding of Flax/PP as well as on the mechanical characterization of the welded bonds.

2 Experimental procedure

Materials and manufacturing

The material used for the welding experiments in this study was a balanced 2×2 twill woven commingled fabric of flax/polypropylene (PP), provided by DEPESTELE group (France) as Lincore PP FF. Laminates formed by eight prepreg layers were consolidated in a hot platen press at 200 °C and 5 bars for 3 min. The consolidated laminates had a size of 350 x 350 mm² and a thickness of approximately 3.1 ± 0.01 mm. Rectangular adherends measuring 25 x 100 mm² were laser cut along the warp direction of the weave of the laminates.

Ultrasonic welding process

The adherends were welded with a HiQ G1 DIALOG ultrasonic welder (Herrmann Ultraschall, Germany) with a working frequency of 20 kHz (Fig. 1.). A rectangular sonotrode was used. The time control mode of operation was selected. Two parameters are considered in this research: the welding force (N) and the welding time (ms). The amplitude and hold time were fixed at 35 µm and 2 s, respectively. The specimens were welded in a lap-shear configuration, where the overlapped area was 25×15 mm², as shown in Fig. 2. 

Lap shear strength

The lap shear strength (LSS) of the welded specimens was mechanically tested using an MTS Criterion C45 universal testing machine with a cross head speed of 2 mm/min. The LSS of the welded joints was calculated by dividing the maximum load by the total overlap area.

Temperature measurement

During the welding operation, temperature was recorded at the center of the overlap zone using Ktype 0.13 mm diameter Omega thermocouple. Fig. 2.

shows where the thermocouple was placed for the welding process. 

Effect of welding parameters on welding temperature

To evaluate the effect of the process parameters, on the temperature profile during the welding operation, several measurements were performed by increasing only one parameter at a time. For 300 ms welding time, the maximum measured temperature remains below 400 °C. From 500 ms to 1000 ms, the curves reach a peak close to 500 °C. However, the 1000 ms curve appears to reach a temperature plateau for a few hundred milliseconds before the temperature drops before the beginning of the consolidation phase. Similar experiments were made by varying the welding force. It appears that the welding force has also a strong impact on the temperature measurement.

Influence of the welding parameters on the mechanical properties

The LSS was used to evaluate the mechanical property of the joints. Table 1 summarizes the results obtained from the single lap shear mechanical testing. It is observed that as the welding time increases, the strength increases up to a maximum of 8.9 MPa for a welding time of 500 ms, and then decreases when the welding time is increased further. The LSS was found to be minimum for a 1500 ms welding time. Failure surfaces examination and microscopical observation of the welded area suggest that this decrease in the joint strength could be attributed to a local degradation of the flax fibers under a longer exposure to a high temperature.
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	Weld time	Weld load	Lap-Shear strength
	(ms)	(N)	(MPa)
	500	150	2.3
	500	300	7.8
	500	400	8.9
	500	500	7.6
	300	400	5.8
	1000	400	6.8
	1500	400	2.8