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The relation between fluid flows, solidification mechanisms and welding parameters during GTA weld ing of a Cu30Ni plate is investigated. An experimental study, based on in-situ observations of the trailing edge of a fully penetrated weld pool is carried out. The experimental setup includes: (i) a high-speed camera used to observe the solidification front and the fluid flow at microscale, (ii) two cameras placed over and below the plate used to observe the entire weld pool on the top side and back side respectively (iii) and an infrared camera used to monitor the tempe rature field on the back side. Ali these observation devices are employed to do measurements that allow us to explore and better understand the influences of the welding parameters on the solidification and the fluid flow behaviours, as well as between the different physical phenomena being involved.

INTRODUCTION

The progress in welding technology and knowledge is in constant development. Never theless, it does not completely allow the control of the weld beads final microstructures. It is still difficult to obtain a microstructure that fits the re quired mechanical properties, without any defects such as centre line grain boundaries [START_REF] Hunziker | On the formation of a centreline grain boundary during fusion welding[END_REF], porosities or inclusions [START_REF] Kou | Welding Metallurgy[END_REF]. Consequently, the solidification during welding is a complex phenomenon that needs to be investigated very carefully, in order to obtain the desired microstructure. During weld ing, the solidification conditions are very specific, because it is a rapid solidification regime, which is determined by high solidification rate, high thermal gradients and strong fluid flows in the weld pool.

The physical phenomena that control the so lidification process have to be analysed on two scales. At macroscale ( the scale of the weld pool ) , the solidification conditions changes along the solidification front, making the microstructure different from fusion line to centre line [START_REF] Kou | Fluid flow and solidification in welding: three decades of fundamentals research at the university ofW isconsin[END_REF]. At microscale, the temperature conditions and the fluid flows have clearly a strong influence on the solidification process, by modi fy ing the dendritic growth mechanisms [ 4 -7].

The solidification front morphology is mainly influenced by the thermal conditions and the so lidification rate imposed by the process charac teristics [START_REF] Kurz | Fundamentals of solidification, Third revi[END_REF]. The value of the ratio of the thermal gradient over the solidification rate gradually modifies the shape of the solidification front, from planar to cellular, columnar dendritic, and finally equiaxe dendritic. In addition, the product between the thermal gradient and the solidifica tion rate has a role on the dendrites arms sizes and spacing. The presence of fluid flow has also been found to have a determinant impact on the solidification behaviour. Several studies show a modification in the solidification rate and di rection with the intensity and the direction of the fluid flow close to the front. The flow alters the heat and solute exchanges around dendrites, which changes the growth conditions of the den drites [START_REF] Boden | Visualization of freckle formation induced by forced melt convection in solidifying Gain alloys[END_REF][START_REF] Gandin | Boundar y la y er correlation for dendrite tip g rowth with fluid flow 11[END_REF][START_REF] Bouissou | Effect of a forced flow on dendritic g rowth 11 Ph y s[END_REF].

From the trailing edge of the weld pool to the fusion line, it is well known that solidification rate decreases and thermal gradient increases, produc ing changes in microstructure, such as morphol ogy transitions [START_REF] Kou | Welding Metallurgy[END_REF]. At this scale, the fluid flow is known to influence the shape of the weld pool [START_REF] Kou | Welding Metallurgy[END_REF][START_REF] Zhao | Unstead y inter facial phenomena durin g inward weld pool flow with an active surface oxide 11[END_REF].

By the use of in-situ observations and mea surements on two scales, the present paper aims at better understand the link between physical phenomena occurring in the weld pool and feed the literature with experimental data.

EXPERIMENTAL SETUP

An experimental setup has been designed to investigate physical phenomena on the two scales. It is an upgrade of a setup, detailed in a pre vious publication [START_REF] Chiocca | In situ observations and measurements durin g solidification of CuNi weld pools 11 Sei[END_REF], which includes a moving DURING GTA WELDING WITH IN-SITU OBSERVATIONS stand (Fig. 1). A GTAW torch generates a fully penetrated weld pool on a 1.6 mm thick plate of Cu30Ni. The plate dimensions are 150 x 70 mm 2 and the weld lines produced by the translation of the stand are 10 cm long. The two sides of the plate are protected by pure argon gas. The tests have been carried out with tungsten electrodes enriched with 2% of lanthanide, of a 1.6 mm diameter and a 30 ° grinding angle. The welding parameters have been chosen to obtain several set parameters filling the condition of a fully penetrated weld pool, without any collapse of liquid. The weld pool is only maintained by the surface tension. The welding parameters have been monitored using a voltmeter and a LEM and are referenced in Table 1.

The macroscopic observations of the fluid flow and the weld pool shape are made by two AVT cameras. They are filming in visible light the back side and the top side of the weld pool (in red on Figure 1 ). The temperature field in the solid part of the plate around the solidification front is measured on the back side of the sample thanks to an infrared camera. The thermal calibration of the images of this camera is made with the help of two thermocouples placed in the base metal on the back side of the plate. A third thermocouple is monitoring the temperature of the stand. Dur ing tests, the microscopie observation is made on the back side at the trailing edge of the weld pool by a high-speed camera (5000 fps) and a microscope lens. The different observation areas are red framed on Figure 1 (a,b,c). All the mea surements are synchronised in time.

All the methods used to process the different videos and extract the key measurements (thermal gradient, solidification rate and fluid flow) are de scribed in detail in a previous publication [START_REF] Chiocca | In situ observations and measurements durin g solidification of CuNi weld pools 11 Sei[END_REF].

RESULTS

At the macroscale, the combination of the thermal and visible observations on the back side allows the measurements of the thermal gradient and the solidification rate along the solidification front, from the trailing edge to the fusion line. As it is expected from the theory, the measured thermal gradient increases and the measured solidification rate decreases between these two points for the three tests. The shape modifications of the weld pools between tests are also in accordance with the theory. A higher welding speed (between tests 1 and 3) produces a longer and narrower weld pool and a lower current (between tests 1 and 2) produces a shorter and narrower one (Table 2). At the trailing edge the thermal gradient is rather similar between tests 1, 2 and 3, while the in crease of the welding speed between tests 1 and 3 and the increase of the current between tests 1 and 2 should lead to a lower thermal gradient.

The parameters should probably be changed in a larger range to obtain significant differences in thermal gradient measurements. Meanwhile, the reduction of the heat input seems to reduce the thermal gradient at the fusion line. This could be caused by a lesser temperature homogenisation of the weld pool, due to lower fluid flows when the heat input decreases. At the macroscale, the observation of fluid flows revealed rotational movements. On Fi gu re 2, the images extracted from the videos on the top side and back side show the symmetrical rotations of two oxides clusters on both sides of the weld ). The partiel es are seen appearing in liquid channels between primary dendrite arms, flowing from the root of the semi-solid area to reach the entirely liquid weld pool (Fig. 3b). The tra j ectories of these particles suggest the pres ence of a fluid flow in the semi-solid region. The measurements of the velocity of these particles by PTV (Particle Tracking Velocity [START_REF] Chiocca | In situ observations and measurements durin g solidification of CuNi weld pools 11 Sei[END_REF] ) show an evolution between the root of the liquid chan nels and the liquid pool. The curves on Figure 4a reveal that the fluid flow velocity is low (between 60 and 100 mm/s) in the channels. When the par ticles reach the limit of the semi-solid area (so lidification front), they are accelerated to a higher velocity (between 110 and 180 mm/s). This im plies that there are two different fluid circulations near the trailing edge of the weld pool (Fig. 4b): one flow into the liquid pool going from the top side trailing edge of the weld pool to the back side, and another flow following the same direc tion but crossing the semi-solid region.

Solidification front

Between test 2 and the two other tests, the flow velocity evolutions into the weld pool are different (Fig. 4a). The velocities are rather equiv alent in the semi-solid region, but the f l uid accele ration is more important after the solidification front, for test 2. This result seems surprising since it is generally considered that the flows in the weld pool are govemed mainly by the Marangoni effect (surface tension gradient due to the tem perature gradient on the surface of the weld pool), which increases with the heat input, whereas test 2 is not the one carried out at the highest heat input. However, the weld pools of tests 1 and 3 have sharper trailing edge than test 2 (Table 2), which can produce a fluid flow deceleration at the trail ing edge, that is less important for test 2, due to the more rounded shape of the trailing edge.

Figure 4b shows schematically, on a longi tudinal section, the rotating clusters observed in the weld pool at macroscale (Fig. 2). The rota tion of the clusters occurs in the same direction on the top side and back side of the weld pool. 0 :zco, 11r----,, 1 ..-, --.--......--...---. .-----,.----.---.---- Reynolds numbers have been calculated between the primary dendrites arms and in the liquid pool using data measured at microscale. Whatever the test, Reynolds number is about 20 between dendrites arms, increases to about 420 around the solidification front limit, and reach a maximal value of about 1150 on the viewing area of microscale images. In the three areas, the Reynolds number is pretty low seeming to indi cate that the flow is laminar at the trailing edge of the weld pool.

DISCUSSION

The combination of the observations at mac roscale and at microscale gives access to a map of the fluid flows in the whole weld pool. Figure 5 shows on the two sides the suggested fluid flow mapping. On the top side (Fig. Sa), the Marangoni effect, which is commonly the predominant force generating fluid flow in welding, drives the liquid from the hottest area ( under the arc) to the edges of the weld pool, that are colder. Then, the liquid is pushed from the fusion line to the trailing edge by flowing along the solidification front. The flow is then separated in three components: the first one returns to the weld pool centre on the top side, leading to rotations of the two oxides clusters, the second one goes through the thickness to the back side of the weld pool in the liquid area, and the third goes through the thickness to the back side of the weld pool in the semi-solid area. On the back side of the weld pool (Fig. 5b ), the liquid 0 coming from the semi-solid area and its vicinity goes through the rear of the weld pool to reach the centre of it. The flow produces the rotations of the oxides and goes back to the top side.

The thermal Péclet number (Pe th = uLja, with u the fluid flow velocity, L e a characteristic length and a the thermal diffusivity), which represent the ratio between thermal convection and thermal conduction, calculated at the weld pool scale is between 50 and 100. These values and the fluid flow mapping (Fig. Sa) highlight the fact that the fluid flows in the weld pool are mainly respon sible for the heat transfer from the front of the weld pool to the trailing edge. The heat transfer from the front to the trailing edge helps to ho mogenise the temperature and can be one of the causes of the characteristic shape of solidification front. It is illustrated on Figure 6a. The hot liquid flows on the top side to the trailing edge, retarding solidification and elongating the weld pool. By flowing thr ough the semi-solid area from top side to back side, the liquid is cooled. The solidifica tion is then less retarded in the back side, and the weld pool rear is less elongated

The fluid flow has not only an effect on heat transfer. As it is seen in lots of publications [START_REF] Boden | Visualization of freckle formation induced by forced melt convection in solidifying Gain alloys[END_REF], [START_REF] Gandin | Boundar y la y er correlation for dendrite tip g rowth with fluid flow 11[END_REF], the solute concentration in the vicinity of the dendrites has an effect on the growth velocity. If the solute concentration is locally modified in the liquid near the dendritic surface, the solidifica tion rate would be changed. In the case of this study, the fluid flow observed in the vicinity of dendrites arms and the deduced flow in the whole semi-solid region influences the solidification. The solutal Péclet number (Pe th = uLjD1, with u 1 .. .. As the partition coefficient (ratio between solute concentration in solid and liquid phases) of the Cu 30 Ni alloy is superior to 1, the liquid ar riving from the liquid pool at the top trailing edge of the weld pool is solute rich (Fig. 6a). At the opposite, the li qu id coming from the semi-solid area could be solute poor (Figure 6(b)), because the solute of the liquid flowing through the semi solid area is absorbed by the dendrites during solidification. Consequently, between the top and the back side of the semi-solid area, the liquid could be more and more solute poor, decreasing the primary dendrite arms velocity and retarding the solidification on the back side. This phenome non is not observed, that seems to indicate the effect of thermal convection is predominant at macroscale. However, the solute impoverishment can influence the size or the growth velocity of secondary dendrite arms. On microscale videos, no secondary dendrite arms have been observed and only very long primary dendrite arms have been observed. It can be caused by the solute poor liquid flowing between the dendrite arms, slowing down the growth of secondary arms.

CONCLUSION

The solidification during GTA welding has been investigated with the help of in-situ observa tions. The designed setup allows the observation in the same time of the weld pool at macroscale on both sides in visible light and on the back side in infrared light, as well as at microscale with a high-speed camera.

Measurements have been extracted from the observation to access the parameters influencing solidification. A complete mapping of the fluid flows in the weld pool has been deduced from the different measurement at the two scales. The pre sence of fluid flow has been discovered in liquid channels between the primary dendrite arms in the semi-solid area.

Several hypotheses have been made on the influence of fluid flows on solidification. The fluid flow in the weld pool could extend the top side weld pool by retarding the solidification due to the arrivai of hot li qu id in the trailing edge. The fluid flow in the semi-solid area also changes the solidification conditions between top side and back side of the trailing edge.
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 1 Fig. 1. Illustration of the experimental setup. Red framed areas at (a), (b) and (c) represent respectively the ob servation areas of the top AVT camera, the high-speed camera and the back IR and AVT cameras
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 23 Fig. 2. (a) top view of the weld pool, (b) bottom view of the weld pool

  Position from the solldiflcatlon front (mm) rlr t icles Rolaling clu 1êr Fi g . 4. (a) flow velocity evolutions from the semi-solid region to the weld pool for the three welding parameters (the O origin is the solidification front limit), (b) schematic representation of fluid flows in a longitudinal section of the weld pool during welding g th INTERNATIONAL CONFERENCE OF YOUNG SCIENTISTS ON WELDING AND RELATED TECHNOLOGIES It can be supposed that the rotations are present in the whole thickness of the weld pool as it is represented on Figure 4b.
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 56 Fig. 5. fluid flow mapping (a) on the top side of the weld pool, and (b) on the back side of the weld pool. The fluid flows are coded by origin in three colours

Table 1 .

 1 Welding parameters used for the tests (mean values)

	Test	Heat Input, J/mm	Welding speed, mm/s	Voltage, V	Current, A
	2 3	285 219 202	3 3 4.3	9.3 8.5 9.4	92.5 77.3 92.6

g th INTERNATIONAL CONFERENCE OF YOUNG SCIENTISTS ON WELDING AND RELATED TECHNOLOGIES

Table 2 .

 2 Geometrical and thermal measurements at macroscale (mean values)

	Test	Trailing edge gradient, K/mm	Fusion line gradient, K/mm
	1 2 3	105 100 109	278 245 196