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ABSTRACT

Friction stir welding is a solid-state joining/processing technique that offers high strength
and productivity, resulting in a microstructure similar to hot working cycles. However,
high melting temperature metals such as steels cause excessive wear over welding
tools, representing a significant economic issue. Most studies conducted in steels have
used polycrystalline cubic boron nitride (PCBN) and W-Re composite tools, which offer
a combination of high strength and hardness at high temperatures, along with high-
temperature stability. However, even those tools are susceptible to tool wear. In the
present study, experimental data was collected during friction stir processing of X70
grade pipeline steel plates, using W-Re and PCBN composite tools under well-controlled
conditions. Profilometry and optical microscopy were used to quantify the volume loss at
the welding tool due to the number of plunges and the welded distance. Torque and
transverse force at the welding tool and the welded bead width were measured and
related to the wear process. Tool contamination in boron-nitrogen particles and dissolved
tungsten was identified at the stir and hard zones, more substantial at the latter.
Keywords: friction stir processing; pipeline steel, PCBN, wear, volume track

1. 1.Introduction

Friction stir welding (FSW) has found applications in various industries, including
aerospace, automotive, and naval [1]. For the pipeline industry, FSW is highly energy
efficient compared to conventional fusion welding processes, such as arc and laser beam
welding, with a reduction in energy usage of 60 to 80% [2]. The traditional FSW tool
consists of a shoulder and a pin; the shoulder predominantly generates frictional heat
and prevents the expulsion of material from the weld zone. The tool's role is to provide
sufficient plastic deformation to cause bonding across any pre-existing interfaces while
stirring the material. Additionally, tool geometry must often facilitate a stable force or
torque control scheme and be compatible with a range of plunge depths [1].

A proper selection of FSW tool material and design plays a crucial role in
achieving suitable microstructures and mechanical properties in the welded joints. High
melting point materials require tools made of cemented carbides, mainly WC-Co [3,4],
Polycrystalline Cubic Boron Nitride (PCBN) [5-7], or refractory metal alloys based on W
[8]. Carbides are commonly used as machining tools as they provide high wear
resistance and good fracture toughness for FSW pin/shoulder at room temperature [9].
PCBN, developed initially for turning and machining tool steels, cast irons, and

superalloys, is currently a well-accepted FSW tool due to its strength, hardness, and



high-temperature stability [1]. The FSW tool is supposed to be non-consumable; yet, they
suffer wear and dimensional changes over several welding passes [10-12], increasing
the probability of defect formation and possibly impairing the joint quality.

Additionally, particles of the tool can be incorporated in the stir zone, as observed
by several authors [5,13—-16]. In some applications, this may be acceptable. In other
cases, the embedded tool particles present a significant detrimental effect on the joint
properties.

The wear mechanism depends on the interaction between the workpiece and the
tool, the tool geometry, and the welding parameters. The wear rate of PCBN tools is
mainly caused by adhesive wear, also known as scoring, galling, or seizing, at low tool
rotation, or abrasive wear at high tool rotation [17]. Park et al. [5] suggested the presence
of Cr-rich borides in the stir zone at the advancing side (SZ-AS) in austenitic stainless
steels were associated with PCBN tool wear. As the Cr-rich borides consume the Cr, a
Cr-depleted zone appears at the vicinities and can trigger the sigma phase. Hanke et al.
[13] showed that material flows at high temperatures under high rotational speed caused
severe tool wear. Barnes et al. [11] found that after a welded length of 5 m, all the
features on a 6-mm PCBN pin and shoulder were completely worn. Almoussawi et al.
[16] studied the tool wear of PCBN tools on DH36 and EH46 steels. They reported a
relationship between wear and higher spindle speeds due to the W-Re binder softening
and higher BN particle presence. Also, wear was exacerbated close to the shoulder and
tip of the tools.

The tool wear also represents an impact on the cost of the weld [18]. Cost-
effective and long-life tools are available for the FSW of aluminum but not for the
commercial application of FSW to high strength materials. PCBN, for example, is
expensive due to the high temperatures and pressures required in its manufacture [18].
Understanding the tool life behavior during welding of harder alloys is a critical step for
future large-scale applications.

The present paper investigates the PCBN-W-Re composite tool wear during
friction stir processing of API-5L-X70 grade pipeline steel plates. The volume loss at the
tool, the welding torque, transverse force during welding, and the corresponding welded
bead width were studied as a function of the nhumber of plunges and total welded length.
Additionally, tool contamination at the stir and hard zones was characterized by SEM
and EDS.

2. Experimental Procedure
The wear process of a PCBN-W-Re (70%-vol. PCBN/ 30%-W-Re) tool,

associated with steel friction stir processing, was studied under well-controlled
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conditions. Four identical tools, namely A, B, C, and D, were used. The tool probe's
geometry details (the most critical part of the present study) are presented in Figure 1.
The probe is composed of a shoulder and a 9.5-mm step-spiral conical shape pin.

Additional information about the tool geometry can be found in [19].

10.9 mm

Figure 1: Cross-section of PCBN-W-Re tool's probe geometry

95 mm

Consecutive 100-mm processing weld beads were performed along with several
17-mm thick API-5L-X70 grade pipeline steel plates. A total of three evenly distributed
weld beads were performed per plate, with no bead overlap, and both sides of the plates
were used. During welding, a longitudinal speed of 100 mm.min-1, a rotation speed of
300 RPM and an axial force of 32 kN were used. These parameters successfully
provided a good superficial aspect without internal defects [20]. The welding parameters
were kept constant along with the experiments. The steel chemical composition is shown
in Table 1.

Table 1: Chemical composition of an API-5L-X70 grade pipeline steel in wt.%. *
indicates ppm.

C Si Mn Nb Ni Mo P N* B* S* Ti \% Fe

0.083 0.16 1.65 0.045 0.23 0.003 0.012 <5 <5 60 0.012 0.049 Bal.

An S-Neox non-contact 3D Surface Profiler was used to capture the probe profile,
producing a 3D model using a focal variation technique. Focus-Variation integrates the
small depth of an optical system's field along the scanning direction to create a well-
focused image. The dimensional changes of the tools were measured after three

consecutive weld beads, i.e., every 300 mm weld length, until the tool's catastrophic
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failure. Figure 2 shows the welding tool schematics before being subjected to wear. The
evaluated region is the PCBN-W-Re probe, which is in direct contact with the workpiece.
The selected volume evaluated is shown in Figure 2, which consists of a 22 mm radius
centered in the pin. Attention was taken to keep the tool surface clean during

measurements, using acetone after each welding pass.

22 mm

Analyzed volume

Tool’s Probe

Figure 2: Tool's probe and respective evaluated region.

Cross-sections from the welded plates were prepared by standard metallographic
procedures, including mechanical grinding and polishing up to 1 um diamond suspension
for SEM, OM, and EDS. The electron microscopy work was conducted with the
SEM/EBSD FEI ® Quanta 650FEG available at LNNano, Campinas.

A SpectroMaxx arc spark optical emission spectrometer was used to measure
the chemical composition of the base metal (BM), stir zone (SZ), and hard zone (HZ).
The HZ is typically localized at the advancing side [7,20] or close to the joint's centerline;
its formation has been related to high cooling rates [6] [19]. In a similar API 5L steel,
hardness values of 272 Vickers were reported at the HZ [20]. At the same joint, the rest
of the stir zone presented 234 Vickers and BM 231 Vickers. Additionally, a site-specific
compositional analysis was conducted on the degree of tool contamination at the SZ and
HZ. Figure 3 schematizes the tilt cuts specially made to increase the area of study of the
hard zone. A total of 30 localized spark optical emission measurements, with a 3 mm
diameter, were conducted in each region. Rhenium content could not be accurately

determined due to the detection limit constraints of the equipment used in this work.
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Figure 3. Cross-section of the welded joint showing: a) the sectioning of the
regions of interest for chemical analysis, b) stir zone and cut A-A’, and c) hard,
zone and cut B-B'.

3. Results
3.1 Volumetric wear analysis

Figure 4 shows the model generated for the tool's probe (Tool A) in the as-
received condition (Figure 4-a) and after 62 plunges (Figure 4-b). The 3D model provided
by the surface profiler shows the wear in the threads and shoulder regions. The volume
in mm?2 as a function of the plunging number and total welded distance is shown in Figure
5 for all four studied tools. The measurement deviation was =1 mm?,

The welding probes' wear rate was determined in this work as the volume loss
curve slope. Tools A and B exhibited a similar wear rate of 0.017 mm3.mm. However,
tool A produced 65 plunges and a 6400 mm length weld, the highest length between all
tools. Tool B made 45 plunges and a 4500 mm length weld. Tool D presented the highest
wear rate of 0.035 mm3.mm, performing 45 plunges and a 4300 mm in total weld length,
the lowest performance of the four tools. Since all experimental conditions were kept
constant, these results indicate the scattering of the probe wear performance associated

with the processing of an API-5L-X70 grade pipeline steel.
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Figure 4: 3D model generated for the welding probes: a) as-received; b) after 62
plunges. The color pattern indicates the height difference using the shoulder as a

reference (Dark blue).

Number of Plunges (un.)
10 20 40 50 60 70

T T T T T T T T T T T T T

a) g :
600 -L

~580 4 &
[sr]

o
e

—a— Tool A
@ Tool B
Tool C

¥ Tool D

€ 560
éseo _
o 540
E 4
5520
O -
> 500
g 4
S 480
0 460

440

T T T T T T T T T T T
2000 3000 4000 5000 6000

Weld Lenght (mm)

0 l 10|00 7000
Figure 5: a) Probe volume (mm?) as a function of the welded length and number of
plunges performed, b) calculated tool's probe wear rate based on results shown

in a).

3.2 Isometric view wear evaluation

Isometric views of the tool's probes were obtained, showing both pin and shoulder
surfaces along with the wearing tests. Figure 6-a shows macrographs of the as-received
condition. After 5, 10, 20, 40, and 60 plunges, the surface characterization is shown in
Figure 6-b, c, d, e, and f, respectively. It is observed gradual wear localized at the threads
along with the tool pin and shoulder. The probe's lines lose their original features in less
than 20 plunges, promoting their smoothing profile. The region between the shoulder
and the pin was the most affected. This behavior is related to the higher welding
temperatures in this area, which promote the adhesive wear phenomena in the tool
[21,22].



Figure 6: Isometric view of the tool's probe surface for the conditions: a) as-

received, b) 5 plunges, c) 10 plunges, d) 20 plunges, €) 40 plunges, and f) 60

plunges. The red arrow indicates a region of critical wear concentration.

3.3 Side-view profile comparison

A detailed evolution of the tool wear performed by side-view profile analyses is
shown in Figure 7. The wear process affected the pin shape preferentially in the
diametral direction but did not affect its length. This phenomenon is explained by the
pin's tip's relative velocity, which is close to zero, promoting less localized friction and
wear. The diametral outermost regions of the pin and shoulder, where the highest relative
velocities are present, suffered the most severe wear. This behavior was similar for the

four studied tools.
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Figure 7: Tool A probe profiles for no wear condition, after 20 plunges, after 40

plunges, and after 60 plunges.

3.4 Torque and Forces

According to its wear state, the reaction forces were evaluated to understand the
mechanical resistance between tool and workpiece. Axial and vertical forces, torque, and
power can change depending on the welding input parameters, tool geometry, and
material. Forces and torque in FSW can be considered as online indicators of weld
quality [23]. Figure 8 shows the longitudinal forces relative to the welding direction and
torque relative to the rotational speed. Results are presented for tool A in various stages
of the wear process, i.e., the number of plunges. For comparison proposes, only the data
related to the steady-state stage of the welding process was evaluated.

After reaching its steady-state condition, force and torque data showed less
instability for the separate probe's wear conditions. It is noticed that the transversal force
in the as-received tool is lower than for a worn condition. This behavior is related to the
higher temperatures provided by the additional plastic deformation caused by threads.
Threads provide additional material flow in the stir zone, causing an increment in
materials temperature. A similar observation was made by Giorjao et al. [24], analyzing
the tool geometry effect of friction stir welding in AZ31 Magnesium alloys using
computational solid mechanics. In the study, a threaded pin, using the same parameter,
promoted higher temperatures into the weld bead. As also pointed out by Hasan et al.
[25] in a numerical study, strain rate and velocity distribution indicate a low, stirring action
for worn tools, particularly near the weld root, potentially leading to defective weld joints.
This low stirring contributes to a lower temperature underneath the worn tool [26]. The
higher the process temperature, the less resistance to deformation the processed
material demonstrates, and lower forces/torque are experienced, as seen in Figure 8-a
and Figure 8-b. An increase in longitudinal forces may result in tool breakage due to

excessive stress over time.
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Figure 8: Tool response comparison in different worn conditions: a) Tool torque

and b) longitudinal forces during friction stir welding

3.5 Weld Bead Width

Tool's capability to produce joints without defects was also evaluated. Superficial
features of the weld bead were analyzed in distinct stages of tool life. Figure 9 shows the
surface of the welds produced by a new tool and after 62 plunges. In all joints, a good
surface appearance with some burr generation is noticed. However, it is possible to
observe a slight decrease in the weld bead's width, which, as previously observed, is
due to the reduction of the probe's profile. The width was measured and plotted in Figure

9-e, and the measured weld bead width decrease by 11.5%.
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Figure 9: Weld bead superficial view for a new tool a), 20-plunge tool b), 40-

plunge tool c), and 60-plunge tool d). e) Weld bead width in plunges performed

The macro-etched cross-section of the friction stir processed steel, obtained by
a worn welding tool after 60 plunges, is shown in Figure 10-a. No defects, such as
wormholes or voids, were found. The red circle in Figure 10-a indicates the region
typically reported as the HZ [6,7,20]. Higher magnification of that region in Figure 9-b
shows tool fragments concentrated along the macro-etched cross-section's dark-colored
strips. EDS analysis indicated high boron and nitrogen contents at these particles, thus
corresponding to a tool fragment deposited due to the wear process. Similar results were
found by Park et al. [5], who identified boron and nitrogen in the SZ, resulting in the
formation of Cr-rich borides in FSW of stainless steel using a PCBN-W-Re composite
tool.

The high concentration of BN patrticles at the advancing side portion was detected
and may be related to temperatures and materials flow due to the process itself. Several
studies [19,27-29] show that the materials tend to move from the retreating side to the
FSW's advancing side. Higher plastic deformation occurs at the AS, where the tool
rotation and material flow directions are opposite [30]. Consequently, the preferential
wear (presented in Figure 6), corresponding to the tool's upper portion (shoulder),
geometrically coincided with the hard zone in the macro-etched cross-section.
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The EDS analysis did not detect tungsten and Rhenium's presence, most likely
due to the relatively small incorporation (below 1 wt.%) of these two into the steel

workpiece.

Figure 10. a) macro-etch of a cross-section of API X-70 grade pipeline steel produced with a welding

tool after 60 plunges; b) Concentrated particles found at the advancing side portion of the stir zone,
coinciding with the hard zone; ¢) Morphology and composition of a tool fragment inserted due to
welding tool wear. The red circle indicates the hard zone; the red arrows indicate contamination
particles

An additional test was performed to evaluate the probe's contamination on the
steel. The chemical composition on the weld bead was measured by optical emission
spectroscopy using tilted cuts (Figure 3) to maximize this microstructural region's area.
Figure 11 shows the chemical analysis results for the BM, SZ, and HZ. The first two
presented higher W, B, and N contents compared to the base metal. In this case, Re
could not be accurately measured. The presence of W, B, and N was confirmed,
especially in the HZ. These three elements can be directly related to contamination since
the base metal's nominal composition does not contain alloying or micro-alloying
additions of any of the welding tool elements.

It is not completely clear whether all W is found in a solid solution. According to
Hanke et al. [13], who also found BN patrticles in friction stir welded Ni-alloys, diffusion
occurs between BN and the adhering, hot plate material, thereby dissolving parts of the
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BN crystals in the matrix. Furthermore, BN grain pull-outs representing a mechanical
type of wear. Additionally, it is widely known that W, and especially B, have substantial
effects on the hardenability of steels [31,32]. The addition of only 20 to 30 ppm of B can
increase the hardenability factor 3 times in low carbon steels [32]. To determine the
elemental distribution and carbide formation, further atom probe tomography and

transmission electron microscopy analysis need to be performed.
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Figure 11. Chemical composition measured by optical emission spectroscopy at the base metal, stir
zone, and hard zone after friction stir processing. The spectrometer detection limit is plotted for

reference.

4 CONCLUSION
From this work, considerations were made regarding the tool wear behavior, its
influence in weld bead condition, and tool response through its lifetime:

e Tools presented differences in wear rate behavior and total plunges before
their breaking was noticed. The wear followed a constant rate, with no critical
stages.

e The probe loses its original features along its lifetime, promoting the
smoothing of the tool surface and tool tuning. The tuning phenomena cause
less heat input and an increase in material resistance for the tool movement.

e As the tool loses its features, higher material resistance to deformation was
observed. Worn tools generated less energy by friction and deformation,
decreasing the temperature for the same parameters condition. The lower

process temperature led to higher forces and torque experienced by the tool.
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e Even worn tools provided a good surface appearance with a small burr
generation. However, a slight decrease in the weld bead's width was noted
due to the tool's reducing section promoted by its wear.

e SEM and energy dispersive X-ray spectroscopy analysis revealed boron-
nitrogen particles on the weld bead's advancing side, which suggests being
tool fragments. The founding may be related to the severe condition found in
this region, which experiences higher temperatures than that on the retreating
side. The EDS analysis did not detect w and Re.

e Although, the chemical analysis results for the base material (BM), stir zone
(S2), and hard zone (HZ). The SZ and HZ presented higher W, B, and N
levels than the base metal nominal composition. The results suggest that W
and Re may have diffused in solid solution along with the matrix, while the B
and N are presented as fragments along the weld joint, especially in HZ.
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