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ABSTRACT

This contribution shed light on the effect of the tool positioning on the microstructure and the mechanical properties of dissimilar friction stir welds between a high-Mn austenitic TRIP steel and a commercial HSLA steel produced using a tool rotational speed of 500 rpm and a welding speed of 100 mm/min. The results showed that an increased tool displacement towards the TRIP steel increased the welding penetration and diminished the hardened stir zone of both steels and the heat-affected zone which evolved on the HSLA side. This also led to a slightly larger ductility of the butt-joints. A reduction of the heat input by decreasing the tool rotational speed or the welding speed combined to a tool offset larger than 2 mm towards the TRIP steel appears to lead to optimum joining parameters.
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INTRODUCTION 

The growing scarcity of the renewable energy resources has required a drastic reduction in the energy consumed by the freight transport and the passenger traffic. The steel makers can markedly contribute to diminish the fossil fuel consumption by providing high strength steel grades, which can be incorporated into lighter structural parts. 

In this sense, high Mn (15-30 wt%) austenitic steels with TRansformation Induced Plasticity (TRIP) effect have demonstrated an impressive combination of high mechanical strength with good ductility due to their differentiated deformation mechanism characterized by the austenite to martensite (hcp and/or ccc) phase transformation when the austenite (metastable at room temperature) undergoes internal or external stresses [1-2]. The strain-induced martensitic transformation can follow two different paths: (((’(bcc) or ((((hcp)((’(bcc) [3], and the prevailing reaction depends on temperature, chemical composition and strain levels [3-5]. In addition, high Mn TRIP steels are low cost materials due to the elimination of the high Ni contents usually needed to stabilize the austenite and also due to the short processing time, which does not involve heat treatments and/or controlled thermomechanical processing. High-strength low alloyed (HSLA) steels, on the other hand, are commercial low carbon grades micro-alloyed with Nb, V and/or Ti, which are typically produced by controlled thermo-mechanical rolling. According to the processing route and the chemical composition, it is possible to obtain HSLA steels with yield strength between 350 and 850MPa. In addition to high mechanical strength, these steels exhibit good weldability, satisfactory formability and considerable toughness.

In the automotive sector, the reduction of structural weight requires not only research on high-strength steel grades, but also the use of tailor-welded blanks (TWB), resulting, among others, from joining high-Mn austenitic steels to commercial HSLA steels. Friction stir welding (FSW) is a solid-state welding process, which is particularly attractive to join dissimilar materials in comparison to conventional fusion welding. From the metallurgical point of view, the compositional mixture and the phase transformations between incompatible materials can be minimized during FSW because of its reduced heat input [6].

In this work, we studied the effect of the tool positioning with respect to the joint interface on the microstructure and the mechanical properties of dissimilar friction stir welds between a high-Mn austenitic TRIP steel and a thermomechanically processed HSLA steel.

EXPERIMENTAL DETAILS
Materials

A TRIP steel block of 100 x 20 mm2 cross-section was prepared by melting in an induction furnace under protective argon atmosphere and casting into sand molds. The as-cast block was subjected to homogenization at 1150°C for 48h to minimize the Mn micro-segregation. The plate for the welding experiment was obtained by hot forging (furnace temperature > 1000°C), followed in the end by a final cold forging pass to achieve 5.5 mm thickness. The HSLA steel was a XABO500 commercial grade supplied by ThyssenKrupp Aceros y Servicios S.A. The chemical composition of both steel grades is displayed in Tab.1.

Tab.1: Chemical composition of TRIP and HSLA steel grades.
	Aço
	C [%]
	Si [%]
	Mn [%]
	P [%]
	S [%]
	Nb [%]
	Cu [%]
	Ni [%]

	TRIP
	0.40
	1.70
	24.42
	---
	---
	---
	---
	---

	XABO500
	0.15
	0.60
	1.80
	0.025
	0.015
	0.05
	0.4
	0.5


Welding procedure

The dissimilar TRIP-HSLA butt-joint was produced using plates machined to 3.5mm thickness. The TRIP plate was positioned at the advancing side of the tool. FSW was carried out with a commercial PCBN-WRe composite tool supplied by MegaStir with a shoulder and a pin of 25 and 6.8 mm diameter, respectively. The pin height amounted to 2.87 mm. The welding speed was set to 100 mm/min and the tool rotational speed was 500 rpm. Two different tool offsets, which are defined by the distance between the pin tangent and the joint interface, were employed: +1 and +2 mm towards the TRIP steel. Since the pin had a conical shape, the tangent point on the pin surface used for determining the tool displacement was located at half pin height. Fig.1 illustrates the two different tool positioning investigated in this work with their corresponding contact region with the tool shoulder and the applied tool penetration (distance between the pin bottom and the top surface of the butt-joint).
	(a)
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Tool penetration: 2.92 mm
	(b)
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Tool penetration: 2.96 mm


Fig.1: Tool positioning: (a) offset +1; (b) offset +2.
Microstructure characterization
The microstructure across the butt-joints was investigated using optical microscopy (OM) and scanning electron microscopy (SEM). The butt-joints were sectioned, ground, polished and etched using 1% Nital for 15s to reveal the HSLA microstructure and 3% Nital for 50s to reveal the TRIP microstructure.
Mechanical Properties

Tensile specimens with a gauge section of 22 x 6 x 2.5 mm3 were extracted by spark erosion from each base material and along the transversal welding direction of each butt-joint configuration for assessing the mechanical properties. The non-penetrated region was machined out of the specimens extracted from the butt-joints. The tensile tests were conducted using a strain rate 
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 of 2.5 x 10-4 s-1. Three Vickers micro-hardness HV0.1 profiles were determined across the butt-joint cross-sections at relevant positions in plate thickness in order to assess the local mechanical properties within the stir zone (SZ), the thermo-mechanically affected zone (TMAZ) and the heat-affected zone (HAZ).
RESULTS AND DISCUSSION
Fig. 2 displays a macroscopic view of the butt-joints produced with different tool offsets.  In both cases a full joint penetration was not achieved into the 3.5 mm thick plates. Owing to the high strain hardening potential of the austenitic TRIP steel, an increase of 1.0 mm in the tool offset towards the high Mn steel contributed to rise its deformation temperature and consequently enhance approx. 0.3 mm in the welding penetration, as displayed in Fig.1. Independent of the tool offset, a welding speed of 100 mm/min and a tool rotational speed of 500 rpm produced a satisfactory finishing of the top joint surface and no discontinuity could be detected across the plate thickness.
Fig. 3 displays the SEM micrographs of the TRIP and HSLA base materials. The microstructure of the high Mn TRIP steel consists of austenitic grains with nearly equiaxed morphology and  an average grain diameter of 150 (m. Some austenitic grains exhibit crossing deformation bands, which result from the final cold pass at the end of the forging cycle and correspond to the formation of strain-induced (- and/or (-martensite. The HSLA XABO500 steel is characterized by polygonal ferrite grains and pearlitic bands alligned to the rolling direction and parallel to the sheet plane.
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Fig.2: Overview of the butt-joint cross-sections by OM: a) offset +1; b) offset +2.
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Fig.3:  Micrograph: (a) Steel with TRIP effect; (b) HSLA steel. P-pearlite; F-ferrite.
The analysis of the welding interface reveals that the stir zone (SZ) can be subdivided into two regions (Fig.4): an upper (green region A) and a lower lobule (red region B) of the TRIP steel penetrating into the HSLA steel. These TRIP lobules appear also penetrated by HSLA steel particles. However, the microstructure within both regions appears to be very similar in both the TRIP and the HSLA sides. This suggests that the temperatures reached on top and bottom of the 3.0 mm thick joints during FSW were similar. A clear effect of the tool offset on the microstructure of the SZ is not visible either.
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Fig.4: SEM micrograph showing the upper (A) and lower (B) lobules within the stir zone.

On the HSLA side, the microstructure in the regions A and B (Fig. 4) consists of fine-grained bainite, martensite and retained austenite (Fig.5). The deeper etched plates indicate bainitic regions, which exhibit lower C-contents in solid solution than martensite/austenite and behave therefore anodically during selective etching with Nital. These constituents indicate that the stir zone was heated above the Ac3-point, thus leading to a complete austenitization. On rapid cooling after passing the FSW tool the austenite is transformed into bcc ferrite following the displacive transformation regime.
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Fig.5: SEM micrographs of the stir zone at the HSLA side: (a) Upper lobule; (b) lower lobule. B stands for bainite.
The SZ of the TRIP steel (Fig. 6) exhibits extensive formation of strain-induced (/(-martensite that appears as crossing plates within the metastable refined austenitic matrix. Although the maximum temperature achieved in the stir zone appears to be higher than the Ac3-point of the HSLA steel, i.e. > 850°C, dynamic recrystallization is not observed. The high strain rate imposed by friction stir welding favors rather the strain-induced phase transformation. (/(-Martensite formation for elevated strain rates explains the increase of strain rate sensivity observed in high-Mn TRIP steels [7], which is in general more pronounced for higher temperatures. In addition, the deformation mechanism based on strain-induced martensite formation and possibly twinning appears to be the cause for the grain refinement that is observed within the SZ of the TRIP steel.
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Fig.6: SEM micrographs of the stir zone at the TRIP side: (a) Upper lobule; (b) lower lobule. Both regions reveal significant (/(-martensite formation.

Due to the rapid cooling rates the thermo-mechanically affected zones (TMAZ) reach 20 (m thickness on both sides as shown in Fig.7. Once again a change in the tool offset appears to have no appreciable influence on the extent of the TMAZ at both sides of the butt-joints. The grains of the TMAZ evolve in both steels an elongated morphology, which is a result of plastic deformation and incomplete recrystallization. 
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Fig.7: 

At the HSLA side (Fig.8) the microstructure becomes multiphase with the occurrence of ferrite, bainite and the martensite/austenite constituent. On the TRIP side the microstructure is similar to the SZ. (/(-Martensite is formed to a lesser extent in the TMAZ than in the SZ. The lower deformation level of the TMAZ in comparison to the SZ explains the larger grain size observed in the TMAZ.
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Fig.8: SEM micrographs: (a) TMAZ of the HSLA steel produced with offset +1; (b) TMAZ of the joint made with offset +2. A/M-asutenite and/or martensite; B-bainite.
The heat-affected zone (HAZ) was very broad at the HSLA side for both tool offsets investigated, extending over a few millimeters on the butt-joint cross-sections. Its microstructure (Fig. 9) consists of ferrite and degenerate pearlite, which is a colony of cementite particles or fine platelets that nucleates at ferrite/austenite interphase boundaries in the temperature range of 500 to 600°C (Fig.9b).  On the other hand, the high-Mn TRIP steel does not show clear evidence on the formation of a HAZ.
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Fig.9: SEM-micrograph of the HAZ of the HSLA steel: (a) Overview in the joint produced with offset +2; (b) Detailed view of a degenerate pearlite colony.
Fig.10 displays the microhardness profiles evaluated on the butt-joints produced with different offsets. The location of each line profile is shown in Fig.2. The hardness measurements within the SZ alternate between the TRIP and the HSLA steels due to the morphology of this region shown in Fig.11, where HSLA steel particles interpenetrate the TRIP lobules.
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Fig. 10: Micro hardness line profiles 1 to 6. See Fig.2 for line location.
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Fig.11: Optical micrographs of the SZ lobules: (A) region A in Fig.10 (c); (B) region B in Fig.10 (d); (C) region C in Fig.10 (e); (D) region D in Fig.10 (e). The white constituent is the HSLA steel and the dark one is the TRIP steel.
The results show that the highest hardness values are observed within the hardened SZ´s, which revealed the formation of martensite and bainite on the HSLA side and (/(-martensite on the TRIP side. The hardness values of the SZ are higher for the TRIP steel than for the HSLA steel. The maximum registered hardness within the SZ was about 600 HV that is significantly higher than the hardness of the TRIP base material (app. 200 HV). The upper lobule of the SZ becomes more hardened than the lower lobule. This occurs first because the upper part reaches higher temperatures due to the proximity to the tool shoulder, thus leading to less (/(-martensite formation in the TRIP steel. The upper lobule also cools down more slowly than the bottom which is in close contact with the backing. This contributes to enhance carbon diffusion on cooling the HSLA steel, thus reducing the hardness of the resulting phase constituents. An increase of 1 mm in the tool offset towards the TRIP steel caused a narrowing of the hardened SZ. This has two reasons: I) the austenitized region within the HSLA steel, where bainite and martensite formation takes place, is reduced and II) the deformation temperature of the TRIP steel is increased, thus contributing to diminish the amount of (/(-martensite. 
The HAZ of the HSLA steel is also narrowed by increasing the tool offset, since the heat input is shifted towards the TRIP steel. The formation of a fine grained degenerate pearlite in the HAZ observed at the HSLA side promoted a hardness increase from 200 up to 300 HV. The TMAZ´s, which were shown to be very small by SEM investigations, could not be evidenced in the microhardness line profiles. In addition, the line profiles 2 and 5 that were measured between the two lobules of the SZ did not reveal any sharp hardness increase through the HSLA/TRIP interface. This reinforces the previous assumption that the SZ´s are confined within the upper and lower TRIP lobules.
The results of the tensile tests are shown in Fig.12. The TRIP base material has yield strength of 250 MPa and achieves an ultimate strain of up to 55% without necking, whereas the HSLA steel deforms as usual with the occurrence of necking, its upper yield limit amounts to about 550 MPa with an ultimate strain of up to 35%. The transverse specimens extracted from the butt-joints produced with different tool offsets exhibited similar yield strength of about 250 MPa, which coincides with the yield point of the TRIP steel. This demonstrates that the plastic deformation of the butt-joints starts within the high-Mn austenitic steel. The ultimate strain was higher for the tool offset + 2 mm, where 20% was achieved. This is caused by the combination of highest hardness peaks in the SZ with the widest HAZ in the butt-joint produced with 1 mm tool offset towards the TRIP steel. A maximum strain to rupture of 20% is, however, smaller than the values observed for the less ductile HSLA base metal. This suggests that failure is probably initiated within the hardened bainitic/martensitic SZ at the HSLA side. The crack can thus propagate through the HAZ of the HSLA steel as well as through the hardened SZ of the TRIP steel, where extensive (/(-martensite formation occurs.
(a)                                                             (b)
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Fig.12: Engineering stress-strain curves: (a) Base materials; (b) Butt-joints.
CONCLUSIONS
The impact of the tool positioning during FSW of dissimilar HSLA to high-Mn austenitic TRIP steel was investigated using a tool rotational speed of 500 rpm and 100 mm/min welding speed. An increase of the tool offset towards the TRIP steel increased 0.3 mm in the welding penetration. The shift of the heat input towards the TRIP steel also raised the deformation temperature of the austenitic steel, thus leading to a narrower SZ and to a smaller HAZ at the HSLA side for +2 mm tool offset. The SZ of both steel grades were significantly hardened independent of the tool offset. On the HSLA steel the SZ appeared to have been completely austenitized and on rapid cooling after passing the tool a bainitic/martensitic microstructure was formed. Despite the temperatures above the Ac3-point of the HSLA steel, the elevated strain rate by FSW led the high-Mn austenitic TRIP steel to undergo extensive martensitic transformation in the SZ, which produced the highest hardness values observed. The TMAZ at both sides were only a few micrometers thick. A HAZ could not be evidenced at the TRIP side, but within the HSLA steel it became several milimeters thick and exhibited also a harder microstructure characterized by ferrite and degenerate pearlite. An increase of the tool offset towards the TRIP steel also contributed to reduce the HAZ at the HSLA side. The formation of a hardened SZ for both steels as well as of a broad HAZ at the HSLA side caused lower ductility in the butt-joints if compared to the base materials. An increase of 1 mm in the tool displacement towards the TRIP steel contributed to slightly enhance the ultimate strain level in the butt-joint. Based on these findings it is suggested that a tool offset even larger than 2 mm combined to a lower heat input using a tool rotational speed lower than 500 rpm or a welding speed higher than 100 mm/min shall enhance the mechanical performance of the dissimilar HSLA-high-Mn TRIP butt-joint.
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