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28This study presents the first experimental demonstration of high-speed friction stir butt welding of
2925.4 mm thick AA7175-T79 aluminum alloy. The utilization of friction stir welding (FSW) tool pin threads
30that terminate away from the shoulder region reduced stress concentration during tool traversing. This
31tool design enabled a welding speed above 500 mm/min and a penetration depth greater than 10 mm
32without pin fracture near the shoulder. Two types of welds were performed: one-sided with full penetra-
33tion and double-sided with partial penetration of the plate thickness. The junction of the double-sided
34friction stir welding (FSW) exhibited significant grain refinement (grain size 1.3 ± 0.8 lm) compared to
35other regions. Cross-weld tensile testing revealed high local strains at the double-sided FSW junction,
36which improved the yield strength by 20–24% compared to slower one-sided FSW. The joint efficiency
37of the as-welded, high-speed double-sided FSW was approximately 76% of the base material’s ultimate
38tensile strength.
39� 2023 Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
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1. Introduction

Over the last 30 years, friction stir welding (FSW) [1] has
become an established solid-state joining technique, especially
for high-strength precipitate-strengthened aluminum (Al) alloys
that are difficult to weld using conventional fusion-based tech-rre

c

niques [2]. FSW of thick-section (greater than 25 mm) high-
strength Al alloys at high welding speed (WS) is still challenging.
Higher WS would expand applications of thick-section FSW in
the industry since WS directly affects process productivity [3].
High-speed FSW of AA5XXX alloys [4,5] and AA6XXX alloys [5,6]
has been reported with WS of 3000 mm/min for 2 mm thick
AA5XXX and 1100 mm/min for 3 mm thick AA6XXX. In
temperature-sensitive AA7XXX alloys, increasing WS would
enhance the properties in the heat affected zone (HAZ) [7]. How-
ever, reports of increasing WS for FSW of greater than 25 mm thick
AA7XXX alloys are scarce. The current reported ceiling speed of
FSW decreases rapidly as workpiece thickness increases [see
Fig. 1(a)] and most AA7XXX thicknesses in Fig. 1(a) are well below
12 mm [7–24]. Fig. 1(b-d) also compares reported FSW joint per-
formance for many AA7XXX alloys. Reducing WS generally gener-
ates a higher peak temperature and a wider HAZ, which impairs
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mechanical performance since fracture occurs in the HAZ [25,26].
Therefore, enhancing WS of FSW on thick AA7XXX plates also
would improve joint performance. This requires a tool design that
(a) reduces in-plane forces, (b) expands process windows for
AA7XXX (usually narrow); (c) operates below the machine force
and torque capabilities; and (d) improves joint efficiency.
70This work investigates joining AA7175 plates via FSW, which
71has structural application in riser pipes for ultradeep sea drilling
72(beyond 3000 m) [27]. Our goal was to increase the WS beyond
73reported values for any AA7XXX alloys greater than 25 mm thick
74and elucidate the effects of WS on joint performance. To that
75end, we demonstrated for the first time a maximum WS of
76508 mm/min in double-sided welding of 25.4 mm thick AA7175
77in a butt joint configuration. Further, measurements of grain size
78(GS) and hardness with different WS were complemented with
79tensile testing instrumented with digital image correlation (DIC).

802 . Materials and methods

81FSW of two 25.4 mm thick AA7175-T79 plates was performed
82using FSW in a butt joint configuration. Three weld conditions
83were used to show the effects of WS on joint performance and
84GS distribution across the thickness. The tool pins, of lengths
8525 mm (full penetration) and 13.7 mm (half penetration), had
86identical geometry. The thread on each pin is terminated such that

ineers (SME).

riction stir butt welding of 25.4 mm thick 7175-T79 aluminum alloy, Man-
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it leaves about 25% of the conical pin surface near the shoulder
without thread (see Fig. 2). This tool design eliminates stress con-
centration at the thread root near the shoulder to prevent tools
breaking at faster WS due to increased stress. Extreme plastic
deformation under the tool shoulder diminishes the need for

Fig. 1. (a) Traverse speed, (b) ultimate tensile strength, (c) joint efficiency, and (d) yie
24].

ec

threading on the pin near this region. Supplemental Table S1 pro-
vides details about the tool dimensions, process control parame-
ters, and response variables for three WS variations using two
types of tools. All welding was performed with a 1.5� tilt angle.

Fig. 2. Cross-sectional optical images overlaid with hardness maps; tool images; and har
76.2 mm/min, (b, b1) 152.4 mm/min, and (c, c1, c2) 508.0 mm/min.
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Specimens for weld cross-sectional investigation and tensile test-
ing were extracted using an abrasive waterjet. Standard grinding
and polishing sequences were followed to obtain metallographic
samples for optical and scanning electron microscopy (SEM) and
hardness mapping. Vickers microhardness mapping was con-

trength vs. plate thickness during FSW of AA7XXX aluminum alloys, and sources [7–ted
 P

roo
f

101ducted using a Clark CM-700AT indenter with 4.9 N for 12 s dwell
102time at 2.5 mm spacing in both the weld transverse and thickness
103directions. SEM was performed with a JEOL 7001F microscope
104equipped with a Bruker e-Flash electron backscatter diffraction

dness distributions of the single- and double-sided FSWs performed at WS of (a, a1)



105 (EBSD) detector. Cross-weld tensile testing instrumented with DIC
106 was performed at room temperature on at least three specimens
107 from each joining trial. Tensile testing was conducted per ASTM
108 E8 at an extension rate of 2.54 mm/min using a 222 kN MTS test
109 frame.

110 3 . Results and discussions

111 Optical microscopy images of weld cross sections overlaid with
112 microhardness maps (color contours) for corresponding welding
113 trials are shown in Fig. 2(a-c). Progressive contrast differences at
114 the edges of the nugget zones (NZs) (etching differences from dark
115 to light gray), which are often indicative of transition between the
116 thermo-mechanically affected zone and part of the HAZ, were con-
117 firmed by the overlaid hardness maps in Fig. 2(a-c). While the
118 microhardness maps show an overall pattern, the corresponding
119 microhardness distributions (line plots) in Fig. 2(a1-c1) provide
120 better insight. All three welds exhibit ‘‘W” shaped microhardness
121 distributions typical for AA7XXX alloys, but the shape and pattern
122 of the ‘‘W” contour is significantly different for each weld condi-
123 tion. The hardness distributions revealed that the average (arith-
124 metic mean) minimum nugget and HAZ hardness for Weld B
125 (nuggetavg.: 144 HV and avg. HAZmin.: 123 HV) are considerably
126 higher than those for A (nuggetavg.: 119 HV and avg. HAZmin.: 97
127 HV). This overall softening in the NZ with a wider HAZ in A
128 [Fig. 2(a1)] is attributed to precipitate coarsening from long ther-
129 mal exposure at the lowest WS [7]. In Weld B [Fig. 2(b1)], the over-
130 all NZ and HAZ hardness increased significantly over those for A;
131 this is expected, because doubling the WS increased the cooling
132 rate. In Weld C, the nuggetavg. and HAZmin. hardness increased to
133 147 HV and 119 HV, respectively [Fig. 2(c1)]. Higher WS in Weld
134 C mitigated the substantial hardness reductions in both the NZ
135 and HAZ seen in A and B because C had shorter thermal exposure.
136 The mechanism and effects of thermal exposure on hardness distri-
137 butions were previously reported [7,28–30].
138 Fig. 3(a-c) shows representative grain orientations via inverse
139 pole figure (IPF) maps from the transverse sections for crown (a1,
140 b1), midplane (a2, b2), and near-root (a3, c3) regions of single-
141 pass FSW Trials A and B and first crown (c1), midplane (c2) and

142second crown (c3) regions for the double-pass Trial C. Recrystal-
143lization is observed in all the regimes, but the degrees of grain
144refinement are distinct across the weld thicknesses. In the IPF
145maps in Fig. 3, crown (�4 lm) and midplane (�3.2 lm) GSs are
146very similar for single-pass Welds A and B. In C, however, midplane
147GS is near submicron level (�1.3 lm) and ultrafine compared to
148those at the bottoms of plates in A and B. This is reasonable,
149because the EBSD map location for midplane C is the weld junction
150of first and second passes, with this highest WS producing more
151dynamic recrystallization, which correlates with faster cooling.
152Fig. 4(a) shows engineering stress–strain curves for the base
153AA7175-T79 and the FSW butt joints at different WSs. The ultimate
154tensile strength (UTS) and 0.2% yield strength (YS) are also pre-
155sented in the inset table of Fig. 3(a). The UTS of the high-speed
156(508 mm/min), double-pass Weld C was higher by 10% and 3%,
157respectively than for FSW at 76.2 mm/min (Weld A) and
158152.4 mm/min (Weld B). Moreover, the YS of high-speed FSW
159increased about 21–24% over low and medium WS. The strain con-
160tour maps from DIC in Fig. 4(b) revealed initiation of localized
161yielding, consistent with the location of HAZ hardness minimum
162(comparing Fig. 2[a1-c1] and Fig. 4[b] A1, B1, and C1), and matched
163previous studies [31,32]. The DIC mapping of single-pass, low- and
164medium-speed FSW in Fig. 4(b) also revealed a subsequent high
165concentration of double necking strains (on advancing and retreat-
166ing sides) before failure (A2 and B2) and after failure (A3 and B3) at
167the same locations. However, the high strain concentration (C2 in
168Fig. 4(b) in double-pass, high-speed FSW was near the overlapping
169interface of the two welds (at plate mid-depth) in the cross-link of
170double necking sites. The distribution of local plastic strain around
171this region impeded early necking, which might increase the YS.
172Consequently, the final failure (C3 in Fig. 4(b) occurred near the
173first-pass advancing / second-pass retreating side.

1744. Conclusions

175Novel FSW tool designs and double-sided welding of thick-
176section AA7175-T79 enabled weld speeds of 508 mm/min for
177depths up to 12 mm. The higher WS reduced thermal input into
178the HAZ, which in turn reduced coarsening and softening, and a
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Fig. 3. Weld cross sections (left) and corresponding IPF maps at crown, midplane, an
(c1-c3).
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ar-root for A (a1-a3) and B (b1-b3); at first crown, midplane, and second crown for C
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joint efficiency of 76% was achieved. This study indicates that bet-
ter joint performance and faster manufacturing throughput are
possible for FSW thick-section 7XXX Al alloys.
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