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Abstract

Friction stir welding (FSW) of nickel-based alloys can provide joints with improved corrosion resistance and
mechanical properties that are deteriorated significantly during fusion welding of these alloys. However, rapid wear and
poor longevity of tools are major concerns for FSW of nickel-based alloys. Polycrystalline cubic Boron Nitride (pcBN) has
emerged as an alternative tool material due to its enhanced strength and stiffness but its use for FSW of nickel-based alloys
is rarely explored. An investigation is therefore undertaken to examine FSW of Inconel 625, which is a commonly used
nickel-based alloy, by experimental investigation and computational process modelling. The potential failure mechanisms
of pcBN tools during FSW of Inconel 625 are examined. The results showed that the thermal softening of the tungsten-
rhenium binder phase and dissolution of tungsten into Inconel 625 are potential mechanisms to early wear and failure of

the pcBN tools for FSW of Inconel 625.
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1 Introduction

Nickel-based alloys find wide application in
aerospace, nuclear, chemical and marine industries due to
high tensile strength and corrosion resistance at elevated
temperature [1,2]. However, poor weldability (with fusion
based welding techniques) and machinability of these alloys
impose limitations on their usage for the intended parts and
components [ 1,3]. For example, the machinability of nickel-
based alloys is hampered due to high temperature along the
tool-chip interface and aging of cutting tools [4]. Table 1
summarizes the typical wear mechanisms and tool failure
modes during machining of nickel alloys, which provide a
prior basis to examine FSW of these alloys [5-7].

Segregation of alloying elements, weld bead cracks
and joint porosity are common problems in fusion welds of
nickel-based alloys [1,8]. FSW of these alloys is a potential
recourse since fusion is normally avoided [1,9]. Initial attempts
to apply FSW to nickel-based alloys led to reports of rapid
wear and fracture of the tool during welding [10,11]. Use of
harder tools such as tungsten carbide (WC), polycrystalline
cubic Boron Nitride (pcBN) and iridium led to limited success
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regarding tool longevity [1,9]. A systematic investigation is
thus needed to examine the potential failure mechanisms of
tools for FSW of nickel-based alloys.

Tables 2 and 3 show reported parameters and tool
materials used in FSW of high strength and high temperature
alloys [12-27]. Tungsten-based tools exhibited rapid
wear in FSW of several different alloys (refer Table 2).
Barnes et al. [17] attributed high temperature in the stir
zone to rapid wear of W-Re tools. Wang et al. [20] provided
similar observations in FSW of titanium alloys with tools of
tungsten-based alloys. Steuwer et al. [ 18] compared the wear
behavior of W-Re and pcBN tools in FSW of 6.35 mm thick
HSLA-65 steels. Although the pcBN tools showed greater
wear resistance and longevity compared to the W-Re tools,
the former failed beyond a certain temperature even at low
forces [9,17]. Miyazawa et al. [16] studied the performance
of pcBN and Iridium (Ir) tools in FSW of 2.0 mm thick AISI
304 stainless steel (SS) plates. The Iridium tools exhibited
lesser wear and greater longevity compared to the pcBN
tools. Park et al. [27] and Hanke et al. [24] reported rapid
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Table 1. Wear mechanisms reported in literature during machining of nickel alloys

Workpiece

Tool Material material CS (m/min) FR (mm/rev) ‘Wear mechanism Tool failure mode Ref
pcBN* Inconel 718 60-240 0.1 Abrasion and diffusion ~ binder phase softening  Shintani et al. [5]
pcBN Inconel 718 500 0.35 Abrasion notching Coelho et al. [6]
Sailon Inconel 901 125 0.16 Attrition notching Pawade et al. [7]
245 0.16 Diffusion flank wear
310 0.25 Mechanical fracture

CS: Cutting speed; FR: Feed rate; pcBN: poly crystalline cubic Boron Nitride in which Co, TiN and TiC were utilized as different binder phases, where

Co: Cobalt, TiN: Titanium nitride, TiC: Titanium carbide.

Table 2. Reported parameters and tool characteristics in FSW of various alloys

Workpiece material Th.(mm) N (rpm) v (mm/min) Tool material T, (K)* Ref

12% Cr steel 12 NA 240 wC NA Thomas et al. [12]
AISI 1018 6.0 450 40 Mo alloy 1205 Lienert et al. [13]
SAE 304 SS 1.5 600 60 — 600 wcC 1100-1275 Ishikawa et al. [14]
SAE 304 SS 3.0 285 53-84 wcC 1260-1265 Siddiquee and Pandey [15]
SAE 304 SS 2.0 1080 400 Ir and Ir alloy 1250 Miyazawa et al. [16]
HSLA-65 6.3 600 50 —-500 W-Re 1196-1210 Barnes et al. [17], Steuwer et al. [18]
Maraging steel 250 5.5 600 25 WC, W-Mo, W-Fe 1370 Meshram et al. [19]
Ti-6A1-4V 2.5 900 50 W-La, WC411, CY16 1390-1450 Wang et al. [20]

3.0 630 4-22 WC-Co 1433 Nasresfahani et al. [21]

SAE 316L SS 3.0 600 45 W-La,0O,, W-Ni-Fe-Mo-Co 1275 Kumar et al. [22]

alloy

Mo: Molybdenum; W-Mo: Tungsten molybdenum; W-Fe: Tungsten-ferrous; W-Re: Tungsten-rhenium; W-La: Tungsten-lanthanum; WC-Co: Tungsten-
carbide-cobalt; Ir: Iridium; WC411: (83% WC + 11% TaC); CY16: (73% WC + 8% Co + 8% TiC + 8% TaC), W-La,O,. *The procedure for analytical

estimation of peak temperature (T,) is provided in Appendix I [23].

Table 3. Reported parameters of FSW of various alloys with pcBN tools

Workpiece Th. (mm) N (rpm) v (mm/min) T, (K) Ref
Inconel 625 3.2 180 60 1230 Hanke et al. [24]
Inconel 600 4.8 600 60 1476 Sato et al. [25]
Cp-Ti 2.0 200 50 1383 Zhang et al. [26]
SAE 304 SS 4.5 550 80 1466 Park et al. [27]
SAE 304 SS 2.0 1080 400 1356 Miyazawa et al. [16]
HSLA-65 6.3 400 50 - 500 1214 Barnes et al. [17], Steuwer et al. [18]

T, is estimated analytically as per ref [23]. to obtain an order of estimate for a rational comparison.

wear of pcBN tool in FSW of AISI 304 SS and Inconel
625, respectively, and attributed the same to high peak
temperature. Similar observations were also reported in
high speed machining of nickel alloys by pcBN tool [28].

In this work, a detailed investigation on FSW of
nickel-based alloys using pcBN tools is undertaken with a
focus to examine the potential degradation mechanisms of
the tools by experimental investigation and computational
process modelling. In particular, the computed results of peak
temperature, thermal cycles, torque and traverse force, and
the mechanical stresses experienced by the tool are used to
inquire their relative effects on the wear and failure of the
pcBN tools for FSW of Inconel 625.

2 Experimental procedure

Inconel 625 sheets in sizes of 500 mm x 150 mm X
3.2 mm are joined in butt joint configuration on a custom-
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made FSW Gantry machine fitted with servomotors, data
acquisition instrumentations, and control systems. The
pcBN tools were obtained under the Q70 specification
from MegaStir©. These Q70 type tools consisted of 70%
cBN and 30% W-Re (both in wt%) with the latter serving
as the binder. Table 4 presents the dimensions of the tool
and workpiece, and welding conditions considered in the
current study [29]. Type-K thermocouples with thermal
sheathing were used for monitoring of thermal cycles at six
pre-determined locations during the FSW experiments as
shown in Figure 1. All the thermal cycles were measured
at a sampling rate of 10 Hz. The tool torque, axial force
and traverse force were measured simultaneously using
the machine tool dynamometer at a sampling rate of 50 Hz.
Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) analysis were carried out to
examine the traces of particles from the pcBN tool in the
stir zone (SZ) of the welds. At each welding condition, EDS
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Table 4. Tool and workpiece dimensions (in mm) considered in each configuration

Work-piecece Tool ‘Weld parameters
SD PDR PDT PL N (rpm) v (mm/s) Th
Inconel 625 pcBN 26.3 10.2 8.4 2.8 200, 1000, 1200 1.0, 1.5 32
Inconel 600 wC 15.0 6.0 6.0 1.8 400 3.34,4.15 2.0

SD: Shoulder diameter; PDR: probe diameter at root; PDT: probe diameter at tip; PL: probe length; N: Tool rotation speed; v: Welding speed; Th: thickness.
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Figure 1. Configuration of the welded test piece and locations of
thermocouples [TC1 to TC6] that were placed 0.5 mm below the top
surface. All dimensions in mm.

measurements were taken at seven different locations in the
top surface of the joints.

3 Numerical modelling

A steady state three-dimensional heat conduction
analysis was undertaken to estimate the temperature field
following the governing equation as [30,31] (Equation 1).

o(,oT of(,oT o(,oT : orT
g(kgj+5[k§]+g(kgj+Q:pCPva (1)
where p, k, C,and v refer to the density, thermal conductivity,
specific heat, and welding speed, respectively. The heat
transfer analysis was conducted using the finite element
software ABAQUS (6.8EF-1 version) [32]. Figure 2 presents
the solution domain with the blue color outline and the
region indicating respectively the tool shoulder diameter
and the tool probe. The rate of heat generation (Q) along
the tool and workpiece interface is estimated analytically
as [30,33] (Equation 2).

O =m,[n,, (1= 8)t, + 3Py (er —vsin )4, 1 V;) 2

where n_and n, are the fractional mechanical work due to
sticking friction converted to heat and the fraction of total
heat transfered to workpiece, respectively; r and 0 are the
radial distance of a point from the tool axis and its orientation
with the welding direction; and P, ®, and T are the axial
pressure, angular speed of tool and the shear yield stress of
workpiece alloy, respectively. Ai and Vi refer to the area and
volume of the shear layer around the tool probe. The terms
0 and p_refer to the local variations in fractional sliding and
co-efficient of friction along the tool - workpiece interface
and are estimated as [30-33] (Equation 3 and 4).
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Figure 2. Solution domain considered for modeling. F, R, B, LS, RS
and T1: front, rear, top left, right and top surfaces of workpiece, T2:
tool shoulder surface.

Table 5. Modeling parameters

Workpiece n, n, h,, Wm’K
Inconel 625 0.3 0.3 10
Inconel 600 0.4 0.4 80

8=-0.026+0.31exp(ra/ 1.87) 3)
Hy =0.3exp(-6rw) 4)

Atemperature dependent heat transfer coefficient as
h,T'* was considered for the bottom surface (B) with h;
as an arbitrary constant. For all other faces (F, R, LS, T1 in
Figure 2) of the solution domain, a constant convective heat
transfer coefficient of 10 W/m?K was applied. Table 5 shows
the values of n_, m, and h;, which are used in the modeling
calculations following published literature [30-33].

The solution domain was discretized considering three-
dimensional eight node brick element referred to as DCC3D8
in ABAQUS. The user-defined subroutine UMASFL was used
to specify the mass flow rate (pv) opposite to the welding
direction [30]. Table 6 shows the thermo-physical properties
of the workpiece and tool materials, which are used in used in
the modeling calculations. Figure 3 shows the overall scheme
of work flow adopted for current study in order analyze the
pcBN tool decay during FSW of nickel alloys.

4 Results and discussion

Figure 4 shows the computed temperature field in
workpiece and tool at different tool rotational speeds and
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Table 6. Thermo-physical properties of workpiece and tool materials [T in K]

Inconel 625 [34] Inconel 600 [35] pcBN [36] WC-Co
p (kg/ m’), T (K) 8400, 1563 8400, 1563 3450, 3246 7810, 3143
k, W/m K 5.06 +0.02T; 9.74 + 0.02T 250 40
300<T<1255 300<T<1073
C, J/kgK 381.83 +0.21T; 381.83 +0.21T; 1470 500
300<T=<1365 300<T=<1173
G, MPa A2+ (A1-A2)/(1 + exp(T - C3)/C4); 300 < T < 1500 NA NA

A 4

FSW of nickel alloy with pcBN tool
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Figure 3. Experimental and numerical scheme employed for the current study.
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Figure 4. Computed temperature field in Inconel 625 at a tool rotational speed (rpm) and welding speed (mm/s) of (a) (200, 1.0), (b) (1200,

1.0), (c) (200, 1.5).
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welding speeds for FSW of Inconel 625. A comparison of
Figures 4a and 4b shows an increase in peak temperature
from 1080 to 1550 K with increase in the tool rotational
speed from 200 to 1200 rpm that is attributed to greater rate
of heat generation. In contrast, increase in welding speed
from 1.0 to 1.5 mm/s has led to reduced peak temperature
from 1089 to 1039 K that is attributed to decrease in the rate
of heat generation per unit length of weld with increasing
welding speed (Figures 4a, 4c). Similar trends in peak
temperature were also reported in literature for FSW of
steels and titanium alloys [33].

Figure 5 displays a comparison of the computed and
measured thermal cycles in FSW of Inconel 625 and Inconel
600 for multiple welding conditions. Figure 5a depicts the
computed and the experimentally measured thermal cycles
for FSW of Inconel 625 at a tool rotational speed of 200 rpm
and welding speed of 1.0 mm/s corresponding to the thermo-
couple location, TC3. Likewise, Figures 5b and 5c¢ show a
comparison between the computed and corresponding measured
thermal cycles [29] for FSW of Inconel 600 using WC-Co
tools. The measured thermal cycles shown in Figures 5b, 5c
were taken from [29] in which the thermocouple was located
at the original weld centerline and at the bottom of the
workpiece. The experimentally measured thermal cycles
are used here to validate model results. The maximum error
between the computed and corresponding measured thermal
cycles remained around 2% to 6% only.

The computed temperature field was used further to
estimate the torque and traverse force in FSW of Inconel 625.
The values of torque, traverse force and resultant mechanical
stresses on the tool probe were estimated using the principles

of solid mechanics and presented in Table 7 [30]. For the
process conditions considered, the estimated values of
torque, traverse force and shear stresses on the tool probe
are found to be in the range of 24 to 113 Nm, 2.1 to 4.8 kN,
and 101 to 127 MPa. As the peak temperature reduced from
1549 to 1080 K with increase in tool rotational speed, the
tool probe was required to travel through colder and stronger
workpiece material resulting in higher values of torque,
traverse force and shear stresses on the tool probe (Table 7).

Figure 6 shows the micrographs of the stir zone top
surface of the welded sheets of Inconel 625 at different
combinations of welding speed and tool rotational speeds.
The measured EDS locations in the SZ at different welding
conditions are highlighted with red color circles in Figures 6b-¢
and the W content by EDS is presented in Table 8. Since the
original chemical composition of Inconel 625 precludes any
presence of W, it is reasonable to assume that this element
(W) has come from the interaction between the pcBN tool
and the workpiece. The dark particles in Figure 6a can be
carbides in the SZ at the highest tool rotational speed (1200
rpm). In addition, the welds made at high tool rotational
speeds (Figure 6b, 6¢) indicated an increased tool wear due
to the greater quantities of W along the stir zone (Table 8).
These welds also suffered from the local heterogeneities
in the stir zone. In contrast, the welds made at lower tool
rotational speeds (Figures 6d, 6¢) depicted lower W content
on their stir zone (see Table 8). These welds depicted a
relatively more homogeneous structure with traces of the
binder phase (from pcBN tool). Finally, these clearly indicate
the disintegration of the pcBN tool and is also manifested
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Figure 5. Computed and corresponding measured thermal cycles in FSW of (a) Inconel 625 and (b, ¢) Inconel 600. The tool rotational speed
(rpm) and welding speed (mm/s) were (a) (200, 1.0), (b) (400, 3.34), and (c) (400, 4.15). Table 4 show details of tool and workpiece.

Table 7. Peak temperature (T,) (computed), tool torque (M) (measured and estimated), traverse force (F) (estimated), and maximum resultant
stress (t,,) (estimated) on tool probe in FSW of 3.2 mm thick Inconel 625.

N (rpm) v (mm/s) Meas. M (Nm) Est. F (kN) T, (K) 1, (MPa)
200 1.0 110+ 5 113 49 1080 111
200 1.5 1216 127 5.6 1039 127
1000 1.0 30+£2 36 2.8 1421 104
1200 1.0 25+1 24 2.1 1549 101
Tecnol Metal Mater Min. 2021;18:e2455 5/10
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Figure 6. Stir zone microstructures at different combinations of tool rotational speeds (rpm) and welding speeds (mm/s): (a, b) (1200, 1.0), (c)
(1000, 1.0), (d) (200, 1.0) and (e) (200, 1.5) in FSW of 3.2 mm thick Inconel 625.

Table 8. Measured mass percentage of tungsten by EDS at different locations shown in Figure 6b-d at different welding speeds (mm/s) and tool

rotational speeds (rpm) in FSW of 3.2 mm thick Inconel 625

Measured Location 1.0 mm/s LS mm/s
1200 rpm 1000 rpm 200 rpm 200 rpm

1 1.95 1.73 0.09 0.49

2 0.97 1.56 0.16 0.38

3 1.22 1.78 0.41 0.56

4 0.66 2.26 0.62 0.02

5 0.86 1.79 0.26 0.61

6 0.34 1.61 0.01 0.28

7 1.58 1.87 0.33 0.02

Avg. 1.09 1.80 0.27 0.38

by its fragments presented on the top surfaces of the stir
zones as shown in Figure 6.

The reported peak temperature in Table 7 at a tool
rotational speed of 1200 rpm is 1549 K. This observation
corroborated well with our earlier experimental based
publication [24]. The higher tungsten content in the welds,
which is observed for welds at higher tool rotational speeds, is
attributed to the thermal softening of the W-Re binder phase
and diffusion of tungsten from the tool into the stir zone at
high temperatures (> 1373 K). An increasing tendency of
tungsten to diffuse into nickel substrates at around 1373 K or
above is documented in [37]. The little presence of tungsten
in the stir zone of the weld at lower tool rotational speed is
attributed to mechanical wear and fracture of the tool as it
experiences stronger substrate material.

Lemos et al. [1] and Hanke et al. [24] also showed
that pcBN tools suffered lesser wear during FSW of Inconel
625 at lower welding speeds and tool rotational speeds in
comparison to that at much higher tool rotational speeds.
This can be corroborated further by considering that the shear
yield strength of pcBN at around 1000 K is approximately

Tecnol Metal Mater Min. 2021;18:¢2455

1730 MPa, which is higher than the estimated shear stresses
on the tool probe in Table 7 [38]. It appears therefore unlikely
that the pcBN tool probe would fail by shear fracture. Similar
calculations of the resultant shear stress on pcBN tool probe
in FSW of nickel, steel and titanium alloys (Tables 2 and 3)
also indicate that the resultant mechanical stresses are lower
than the shear yield strength of pcBN material.

Hartman et al. [39] recently reported that the pcBN
tool wear is dominated by the BN pullouts in friction
stir spot welding (FSSW) of DP980 Steel. The rhenium
additions above 20% by weight precipitates sigma phase
along the grain boundaries when the W-Re tool cools to
room temperature after welding. Sigma phase is extremely
harder (1300-2000 Hv) and brittle [40]. Ratschbacher and
Luidold [41] noticed higher rate of oxidation in tungsten-
rhenium (W-Re) alloy in comparison with the pure tungsten
(W) above 1073 K. Recently, Michel [42] showed the grain
pullouts from the W-Re tool in FSW of X70 pipeline steel.
All these above mentioned studies highlighted that W-Re
binder phase tends to become weaker, and cBN grains are
likely to disintegrate from the tool matrix above 1073 K.

6/10



Probing underlying mechanisms for PCBN tool decay during friction stir welding of nickel-based alloys

Almoussawi and Smith [36] argued that softening
of'the W-Re binder material at temperatures above 1500 K
could be the main reason for pcBN tool wear. Their analysis
considered the dwell stage of FSW with the tool moving
at a constant rotational speed and at a fixed location.
Hanke et al. [24] and Barnes et al. [17] found traces of
dissolved tungsten (W) in the stir zones of friction stir
welds in Inconel 625 and HSLA 65 indicating dissolution
of W-Re binder phase from the pcBN tool. Hanke et al. [24]
opined further that the diffusion of tungsten (W) from
the binder phase into cubic boron nitride (CBN) crystals
at high temperature resulted in weakening of the pcBN
structure and removal of CBN grains to the stir zone of
welds [24]. In FSW of SAE 310 SS, Park et al. [27] found
the presence of borides in the stir zone microstructure that
indicated disintegration of pcBN matrix and weakening
of the tool. The excess wear of tungsten carbide tools as
reported in Table 2 in FSW of nickel and titanium alloys
and steels also corroborated these findings.

In summary, the mechanical forces and the resultant
maximum shear stress on the tool probe do not appear to be
the main reason for the tool wear and fracture of the pcBN
tools in FSW of Inconel 625. The incipient interaction between
the W-Re binder phase of the pcBN tool matrix with Inconel
625 at higher temperatures is the primary reason for the tool
wear and subsequent fracture of pcBN tools.
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Appendix I. Procedure for analytical estimation of peak temperature.

Procedure for analytical estimation of peak temperature reported in Tables 2 and 3. The peak temperature is estimated
by the non-dimensional correlation that was proposed by Arora et al. [23]. The non-dimensional peak temperature (TND)
is estimated by the corresponding non-dimensional heat input (QIN).

Typ = axlog;(On) + S (A1)
where o and [ are fitting constants. The terms TND and QIN are expressed as
Tnp =(Tp ~T3)/ (Ts =T) 5 Qi =(oy A0Cpp) / (k") (A2,A3)

where TP, TR and TS are the peak, reference and solidus temperatures of the workpiece material, respectively; oY, A, ®,
CP, @, k and v are the yield strength of the workpiece at 0.8TS, cross-sectional area of tool shoulder, angular velocity of
tool, specific heat of workpiece, partitioning efficiency, thermal conductivity of workpiece and welding speed, respectively.
The sample calculations to estimate the peak temperature is shown in Table A1l.

Table A1. Sample calculation for peak temperature (T,) in FSW of AISI 304 SS

Workpiece Tool N (rpm) v (m/s) R (m) A (m?) P (kg/m?) K (W/m K)
SS304 wC 300 0.0017 0.0095 0.00023 8000 23
Cp (J/kg K) G, (0] Qu Ty T, (K) T, (K) T, (K)
610 2.73 0.4 5.1E4 0.73 300 1697 1237
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