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Abstract

The aim of this work is to investigate the effect of normal pressure upon the mechanical properties and their related microstructures of
the similar Ti-6Al-4V and AA2024 Rotary Friction Welding (RFW) joints. The main characteristic of this process is the use of friction
to generate adequate energy and raise temperature locally in order to create favorable conditions for welding at the interface between
two parts. Successful welds were produced showing, among many others, that the fracture occurres at the weld interface for the AA2024
alloy, hence its low tensile strength. However, the fracture occurres outside the weld interface for the Ti-6Al-4V alloy, which indicates
that the weld joint is more resistant than the base metal. The microscopic observation of the fracture surfaces of the AA2024 samples
exhibits a mixture of morphologies with a majority of rough cupular surfaces, indicating a dominant ductile fracture mode. For the Ti-
6Al-4V RFW joints, cupules of different sizes are observed over the entire surface that also exhibits a ductile fracture mode.
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1. Introduction

Following the guidelines of the American Welding Society C6.1-89 standard [1], Rotary Friction Welding (RFW) is an entirely
solid-state technique that ensures the peak temperature remains below the melting points of the materials being welded. This process
is primarily utilized for joining cylindrical rods and tubes that have relatively smaller dimensions [2]. The basic configuration of the
RFW process equipment requires a rigid structure to ensure the stability of components operating at high speeds and driven by high-
pressure forging. Works on the construction of RFW setups are rare, and the equipment used during these experiments has the same
principle but with different designs.

The RFW process generates plastic deformation and heat input during the friction phase, while the forging phase triggers the
interdiffusion phenomenon at the weld interface [3]. The demand for a welding process that can join materials like titanium, known
for its high strength and good corrosive properties, and aluminum, renowned for its low cost and lightness, has resulted in numerous
experimental studies conducted by researchers worldwide [4]. Avinash et al. [5] have investigated the mechanical behavior and
microstructure of similar Ti-6Al-4V RFW joints, achieving high microhardness and tensile strength using a rotational speed of 1500
rpm. Similarly, Nu et al. [6] studied the influence of RFW parameters on Ti-6Al-4V weld joints, finding that optimal parameters
included a rotational speed of 1200 rpm, friction time of 4 s, forging time of 2 s, and normal pressure of 40 MPa. Several other works
have also focused on investigating the mechanical properties and microstructure of similar titanium alloys RFW joints [7-11].
Furthermore, Hynes and Velu [12] experimentally investigated the effect of rotational speed on the bonding process at the interface of
dissimilar Ti-6AI-4V/AA6061 RFW joints, finding that increased rotational speed led to dynamic recrystallization and the recovery of
recrystallized grains, ultimately boosting joint strength.

Additionally, Li et al. [13, 14] conducted extensive research on the impact of inhomogeneous microstructure, mechanical
properties, and corrosion behavior on AA2024 RFW joints to emphasize their relationship. In recent years, there has been growing
interest in the mechanical behavior of aluminum alloys, particularly in their cyclic behavior. Prior research has investigated the
mechanical behavior of AA2017 and AA2024 aluminum alloys, leading to the evaluation of their physical and mechanical
characteristics. For instance, previous researchers have conducted several studies on the cyclic behavior of these alloys and their
mechanical properties. These studies have shed light on the unique characteristics of these alloys and have helped to advance our
understanding of their behavior under various conditions [15-21].

Recently, the research work done by Lakache et al. [22] aims to optimize the AA2024 RFW parameters based on experimental
study of the weld joints. The best compromise that offers a tensile strength value of 499 MPa corresponds to the RFW joint obtained
by using normal pressure of 12 MPa and rotational speed of 2000 rpm. Li et al. [23] employed RFW to join similar AA6061-T6 joints
and examine the influence of rotational speed on friction behavior. Similarly, Hariprasath et al. [24] analyzed the metallurgical
characteristics and mechanical properties of similar AA7075 RFW joints, reporting a maximum tensile strength of 472 MPa. Dang et
al. [25] investigated the effects of RFW process parameters on intermetallic compound evolution and tensile strength of dissimilar
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AA2219/304 stainless steel weld joints. They found that medium normal pressure (120 MPa) and moderate rotational speed (1100 rpm)
produced high-quality weld joints, but high heat input led to severe degradation of mechanical properties. Dong et al. [26] investigated
the inhomogeneous properties of dissimilar AA5052/304 stainless steel RFW joints. Additionally, authors have used Friction Stir
Welding (FSW) to successfully join similar aluminum alloys like AA7039 [27], AA2024 [28, 29], and AA2017 [30].

This study used a recently implemented RFW device on a RAMO-T37 parallel lathe to create similar Ti-6Al-4V and AA2024 weld
joints. The objective of this research was to identify the optimal normal pressures for achieving desirable mechanical properties and
microstructural analysis.

2. Experimental study

Cylindrical rods measuring @ 15 mm x 60 mm were prepared for welding. The material used (Ti-6Al-4V and AA2024) was
analyzed for its chemical composition through Energy Dispersive X-ray (EDX) analyses, as shown in Table 1 and Figures 1(a)-(b).

M Spectre somme de carte:

% massique

i R R R R R R R
10 15 keV

Figure 1 EDX spectrums for (a) Ti-6Al-4V, and (b) AA2024.

Table 1 Chemical composition of materials (weight %)

Elements Al Cu Mg Cc Ti \% Mn Fe Si
AA2024 92.5 39 1.2 - - - 0.7 0.5 0.6
Ti-6Al-4V ] 7.2 - 02 12 872 = 43 - ] - -

To measure temperature, two k-type thermocouples were fixed onto relevant areas. One thermocouple was positioned at the center
where the two parts were brought into contact, while the other was placed 5 mm away from the weld interface on the fixed side.

To analyze the mechanical properties of the welds, 6 mm nominal diameter samples were machined from the RFW joints in
accordance with 1SO 6892-1: 2016 (E)-Standard [31] and subjected to tensile tests at a strain rate of 10~ s*. Prior to microscope
examination, the AA2024 and TiAl6V4 samples underwent axial polishing and chemical etching with reagents (3ml HCI + 2ml HF +
20ml water) and (2ml HNO3 + 1ml HF+17ml water) respectively for 15 s. Vickers microhardness values were measured using a load
of 500 g for the Ti-6Al-4V sample and 300 g for the AA2024 sample. The weld interface was traversed over a distance of + 10 mm
with a 1 mm step. Fracture surfaces were examined using TESCAN MIRA 3 Scanning Electron Microscopy operating in backscattered
electron (BSE) emission mode after conducting the tensile tests.

The RFW process requires the application of pressure forces; for this, a double-acting hydraulic cylinder is used, as shown in Figure
2(a), connected to a hydraulic unit instrumented by a pressure sensor. An oil flow limiter is mounted on the hydraulic unit to control
the advance speed of the cylinder piston. A pneumatic cylinder placed above the lathe brake to replace the human operator’s foot
action, as indicated in Figures 2(b)-(c) provides braking. The action of the brake is delivered via a pneumatic distributor that is supplied
with a pressure of 0.6 MPa.
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Figure 2 (a) Device designed for RFW process, (b) Braking by an operator, (c) Automatic braking by a pneumatic system.
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The automated RFW setup'’s elements are driven by a computer program (Figure 3) that regulates the friction phase at pressure P1
for a specific time t1, followed by a braking-induced stop of rotation during the forging phase at pressure P2 for the corresponding time
t2. Finally, the cylinder piston returns to eliminate the pressure applied on the weld joint. The RFW parameters are entered on a
LabVIEW interface, which streamlines the process for users. The interface is composed of connection ports that define the acquisition
card and control card, input boxes for the RFW parameters, a sensor for pressure variations, light indicators for each phase of the
process, and START button to initiate the RFW process.

Figure 3 The automated RFW setup.

To manage the RFW process parameters and gather data, an HX711 module equipped with a 24-bit weighing pressure sensor is
utilized to increase the voltage values collected by the pressure sensor. The control system includes two Arduino Uno boards; for data
acquisition and executing commands, and a multi-channel relay module for linking the electronic components. Figure 4 displays the
connections within the RFW control arrangement. Electrical energy pertains to peripherals directly connected to the power supply,
such as the hydraulic pressure sensor, hydraulic distributor, and pneumatic distributor. This research necessitates the use of two Arduino
compilers and LabVIEW software. The first compiler is employed solely for equipment testing and pressure acquisition, while the
second one is utilized to program the RFW process and develop an interface that streamlines user operations.

Pneumatic Hydraulic

distributor distributor

Pnegmatlc Hyd_raullc 5 Pressure
cylinder cylinder sensor

Figure 4 RFW control configuration.
3. Results

A set of procedures are followed during the RFW process to examine the impact of normal pressure on the outcome, as outlined in
Table 2. The remaining parameters, including a rotational velocity of 2000 rpm for Ti-6Al-4V alloy and 1600 rpm for AA2024, a
friction and forging time of 6 seconds each, are held constant. The similar Ti-6Al-4V and the AA2024 RFW joints are presented in
Figure 5.
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Figure 5 RFW joints for (a) AA2024, and (b) Ti-6Al-4V.

Table 2 Normal pressure values

AA2024 sample Al A2 A3 A4 A5 A6 A7
Normal pressure [MPa] 2 4 6 8 10 12 14
Ti-6Al-4V sample T1 T2 T3 T4 T5 T6 T7
Normal pressure [MPa] 2 4 6 8 10 12 14

The first measurement point of the interfacial temperature (Pt 1) concerns the dynamically recrystallized zone (DRZ), and the
second point (Pt 2) designates the heat affected zone (HAZ) (see Figure 6(a)). The interfacial temperature increases when the normal
pressure rises because the friction forces are greater, which will generate more heat. This heat will be propagated by conduction in the
metal along the longitudinal direction as shown in Figure 6(b). Besides, it will be propagated by convection in the air as illustrated in
Figure 6(c).
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Figure 6 (a) Accosting phase, (b) Friction phase, (c) Forging phase, (d) Thermal cycles for A4 and T3 samples, (e and f) Normal
pressure dependent maximal interfacial temperature for AA2024 and Ti-6Al-4V respectively.

Figures 6(e)-(f) show the maximum interfacial temperature in relation to normal pressure for the AA2024 and Ti-6Al-4V alloys.
Even though the two measuring points are separated by a 5mm distance, there is an approximate temperature gradient of 200 °C
between them for the Ti-6Al-4V alloy, with temperatures reaching as high as 1236 °C. Conversely, due to the high ductility of the
aluminum alloy and its low melting point (658 °C), the temperature for the AA2024 alloy does not surpass 295 °C. The microstructure
achieved through heat treatment is dependent on the dissolving field (o + f or B) and the cooling rate utilized [32, 33]. The evolution
of the volume fraction of the phases varies according to the empirical formula (1) proposed by Castro and Seraphin [34].

9B = 92.5  e~00085:(980°-T) 1 7 5 €

As depicted in Figures 6(d) and 6(f), the T4 sample experiences temperatures of 1151 °C. The a phase is dissolved during the
heating process, and the B phase fraction rises until it reaches 100% beyond the transition temperature TP (980 °C), leading to a
microstructure composed solely of the § phase. Cooling the Ti-6Al-4V alloy from the f domain results in either an lamellar or acicular
structure, with the lamellae thickness influenced by the cooling rate [35, 36]. The maximum temperature recorded for the AA2024
weld joints is 270 °C for A5, which affects both the microstructure and mechanical properties of the HAZ.
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3.1 Mechanical behavior

The primary objective of the tensile test is twofold: to identify the fracture zone and evaluate the efficacy of the weld joint strength
by utilizing Equation (2), as is done in this research [37, 38].

Eff(0) = 100 (Mwetd/fp, ) @

Figures 7(a)-(b) and Table 3 provide a summary of the tensile test results. The fracture occurs in the center of the Ti-6Al-4V alloy
and outside of the central zone with a 45° angle for the AA2024 alloy in the unwelded samples representing the base metal (BM). It is
noteworthy that the fracture took place beyond the joint's interface in all Ti-6Al-4V RFW joints, indicating that the weld joint's strength
surpasses that of the base metal. The curves are almost indistinguishable in appearance, with a slight variance in values, characterized
by an elastic linear section and a plastic domain that is more apparent for the Ti-6Al-4V alloy. The fractured Ti-6Al-4V samples exhibit
a significant necking of the section, while the AA2024 alloy shows no necking since the fracture usually happens in the center that is
the weakest area that represents the zone of stress concentration. These results are consistent with the findings of Li et al. [14].

Table 3 Tensile tests results

Sample E (GPa) Re0.2 (MPa) Rm (MPa) A (%) Eff (%) Fracture zone
BM 77.64 395.85 486.34 13.36 - On side
Al 63.05 339.45 347.17 5.85 71.38 DRz
< A2 73.78 301.44 414.26 6.94 85.18 DRz
§ A3 75.99 265.81 429.08 4.92 88.23 DRZ
< A4 68.58 314.23 454.90 10.15 93.54 TMAZ
< A5 68.23 294.52 460.09 7.75 94.60 TMAZ
A6 67.38 309.04 434.92 10.04 89.43 DRZ
A7 67.29 191.71 288.59 3.55 59.34 DRz
BM 107.29 946.88 991.89 15.31 - In center
T1 110.85 815.34 857.59 9.06 86.46 HAZ
2 T2 108.01 854.61 915.81 9.27 92.33 HAZ
<—;: T3 113.38 987.42 1017.75 10.26 102.61 HAZ
© T4 115.70 997.52 1031.23 10.96 103.97 HAZ
= T5 98.35 932.65 975.58 11.10 98.36 TMAZ
T6 106.83 965.10 996.52 10.12 100.47 HAZ
T7 104.09 939.91 972.36 10.68 98.03 HAZ

The observation regarding the fractures of the Ti-6Al-4V tensile samples draws attention to the fact that fractures occur at the HAZ
for T1-T4, T6, and T7 (as shown in Figure 7(c)). However, T5 is fractured at the thermo-mechanically affected zone (TMAZ),
indicating that the weld joint is stronger and more resilient than the other zones, including the base metal. While the tensile strengths
for T1, T2, T5, and T7 are slightly lower than that of the base metal, T3, T4, and T6 demonstrate high resistance, with an efficiency
102.61 %, 103.97 %, and 103.97 %, respectively. As a result, T4 exhibits an elongation of 10.96%, a Yield strength of 997.52 MPa,
and tensile strength 1031.23 MPa, with a high Young modulus value 115.70 GPa, which explains the high microhardness values
achieved for an as RFW joint. In the case of the AA2024 alloy, the fracture occurs most often in the center of the weld joint, indicating
that the welded zone is less resistant than the base metal (as depicted in Figure 7(d)). Among the samples, A5 demonstrated the best
mechanical properties with a tensile strength 460.09 MPa that corresponds to an efficiency 94.60 % and a moderate rigidity illustrated
by a Young modulus 68.23 GPa, while the other samples showed relatively low resistance.
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Figure 7 Tensile tests results for (a) AA2024, (b) Ti-6Al-4V, Fractured tensile test samples of (¢c) AA2024 and (d) Ti-6Al-4V.
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Following the cutting of the RFW joints in a longitudinal direction, microhardness measurements were conducted, and nearly
symmetrical microhardness profiles were observed for most Ti-6Al-4V samples, with a peak at the interface (Figure 8(a)). Similarly,
significant variations were observed in the profiles of each sample in different zones of the AA2024 (Figure 8(b)). These findings are
consistent with previous research on Ti-6Al-4V alloy [8, 9] and the AA2024 [30]. T4 and A7 samples of the Ti-6Al-4V and the AA2024
alloys respectively recorded the highest microhardness values. In T4, the microhardness value in the as weld joint was 382 HV in the
base metal, with values rising to 511 HV in the DRZ, and reducing to 384 HV and 424 HV in TMAZ and HAZ, respectively, which
are comparable to the base metal. A7 in the AA2024 alloy exhibited the best microhardness profile, with a maximum value of 148 HV
at the weld interface and an average value 121 HV along HAZ and TMAZ, which is slightly less than the base metal (125 HV).
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Figure 8 Microhardness measurements for (a) AA2024 and (b) Ti-6Al-4V.

3.2 Microscopic observations

Figure 9 depicts an image of 3 grains at the interface of T4 sample that were enlarged due to the heat input generated by friction in
the DRZ. The o phase appeared as lamellae within the B grains. A discontinuous crack was observed at the weld interface between the
two welded parts, which could be attributed to the high normal pressure that extracted most of the pasty material in the form of flash
during the RFW process. As a result, there was a lack of material cohesion at the weld interface. Furthermore, the grains were observed
to be refined in the TMAZ and HAZ. Figure 10 shows the microstructures of each zone of the AA2024 RFW joint (A5). The intense
plastic deformation caused the grains to be refined in the DRZ, while the TMAZ grains changed their orientation according to the
material flow direction. The HAZ underwent thermal cycle that led to the dissolution of the precipitates. However, the BM consisted
of a set of fine precipitates dispersed in a monophasic solution a. During the RFW process, the heat input generated coupled with the
high mechanical stress caused the inter-diffusion phenomenon of atoms at the weld interface. It is important to note that the main
bonding mechanism in the friction welding process is diffusion bonding, as reported in previous studies. Additionally, the material
mixing plays a crucial role during the friction welding process

The SEM images of the fracture surface for the A5 sample are shown in Figure 11. The central zone of the fracture surface exhibits
a mixture of morphologies, as depicted in Figure 11(a), with a large rough part consisting of small cupules, as shown in Figures 11(b)-
(c). Additionally, there are relatively smooth and flat areas in the peripheral zone, surrounded by the majority of the cupular surface.
The presence of these flat zones indicates inadequate material mixing and insufficient dynamic recrystallization of the grains in the
interfacial zone between the two welded parts, leading to low tensile strength. The fracture surface of the T4 sample, as shown in
Figures 12(a)-(c), is consistent with the results of Vikas et al. [9]. The morphology is uniform across the entire surface, with material
tearing occurring in the form of dimples of various sizes, indicating a ductile fracture mode.

Figure 9 Microstructure of T4 sample.
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4. Conclusion

An automated RFW system was employed to perform friction welding of AA2024 and Ti-6AI-4V alloys, and their mechanical

properties and microstructure were studied to determine the optimal normal pressure. The following conclusions were made:

1. This study demonstrates the feasibility of applying the RFW process by making an instrumented system that automatically
controls RFW parameters to perform welding operations.

2. The tensile strength of Ti-6Al-4V RFW joints increased dramatically to 1031.23 MPa, with a joint efficiency of 103.97%, for
the weld joint obtained at 8 MPa normal pressure. However, the tensile strength of AA2024 welds was lower than that of the
base metal. The best tensile properties for AA2024 were obtained with 10 MPa normal pressure.

3. Almost all Ti-6Al-4V tensile samples fractured through the HAZ, indicating that the weld joint is more resilient than other
zones, including the base metal. For AA2024, the fracture typically occurs at the weld interface.

4. The highest microhardness values at the weld interface were observed in RFW joints obtained at 8 MPa and 14 MPa normal
pressures for Ti-6Al-4V and AA2024, respectively.

5. Microscopic examination of the fracture surfaces of AA2024 showed a mixture of morphologies, with a dominant rough cupular
surface, indicating a ductile fracture mode. For Ti-6Al-4V, dimples of varying sizes were observed over the entire fracture
surface, leading to a ductile fracture mode.
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