Factors Affecting the Properties of Friction Stir
Welded Aluminum Lap Joints

Critical sheet interface was eliminated by either a second weld pass or refined tool
dimensions, resulting in exceptional joint efficiency

BY L. CEDERQVIST AND A. P. REYNOLDS

ABSTRACT. Friction stir welding (FSW)
is a solid-state joining process invented at
The Welding Institute (TWI) in 1991.
The ability to produce high-quality welds
in high-strength aluminum alloys sets
FSW apart from typical fusion welding
techniques. The process has mainly been
used for making butt joints in aluminum
alloys. Development of FSW for use in
lap joint production would expand the
number of applications that could benefit
from the technique.

In this study, an extensive investiga-
tion was carried out on FSW lap joints, in-
cluding interface morphology and me-
chanical properties. Two materials,
Alclad 2024-T3and Al 7075-T6, sheet ma-
terials commonly used in the aerospace
industry, were joined. Welding variables
included welding speed, rotational speed
and, of particular importance, tool di-
mensions.

Examination of metallographic cross
sections and failure locations showed a
critical sheet interface present in all
welds. Consequently, a second weld pass
was added to eliminate the critical sheet
interface. Results indicated FSW lap
joints may, on the basis of strength, po-
tentially replace other joining processes
like resistance spot welding and riveting.

Introduction
Friction Stir Welding
Friction stir welding (FSW) is a solid-

state thermo-mechanical joining process,
where the actual mechanism of weld for-
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mation is most nearly described as a com-
bination of in-situ extrusion combined
with forging. To produce a full-penetra-
tion groove weld in a butt joint, the bot-
tom of the tool must be close to the bot-
tom of the workpiece (which must be
supported on the back side). In order to
make a lap joint, the bottom of the tool
must only extend through the bottom of
the top sheet and into the bottom sheet,
creating a metallic bond between the two
sheets. Schematic drawings of the lap
joint welding process are shown in Fig. 1
(Ref. 1).

Figure 1 also provides information re-
garding the terminology used to describe
friction stir welds. Due to the tool rota-
tion, friction stir welds are not symmetric
about the weld centerline. The side of the
weld on which the rotational velocity of
the tool has the same direction as the
welding velocity is designated the ad-
vancing side of the weld. The side of the
weld on which the two velocities have op-
posite direction is designated the retreat-
ing side of the weld.

Friction stir welding of aluminum al-
loys results in the characteristic mi-
crostructure described in several previ-
ous studies (Refs. 2, 3). In lap joint

KEY WORDS

Friction Stir Welding
Lap Joints
Aluminum Alloys

2024 and 7075
Solid State

welding, the movement of material within
the weld was more important than the mi-
crostructure, due to the interface present
between the sheets. The general features
of the movement of material in butt joint
welding have also been described in pre-
vious papers (Refs. 4, 5). Of particular in-
terest was the transport of material from
the retreating side to the advancing side
at the top surface of the weld. This mate-
rial transport resulted in vertical trans-
port of material about the longitudinal
axis of the weld. This same vertical trans-
port occurred in lap joint welding (Ref.
6). If the vertical motion of material took
place outside of the pin diameter, the un-
bonded sheet interface material could
also be transported vertically, affecting
the strength of the lap weld, as will be
shown later.

Figures 2A-D show the vertical trans-
port in several FSW butt joints of 8.1-
mm-thick Al 2195-T8 produced using dif-
ferent welding parameters. The marker
insert technique used to elucidate the
vertical flow has been described in previ-
ous publications (Ref. 5). The figure il-
lustrates the positions of inserted mark-
ers prior to welding (2A) and after
welding using different weld pitches (tool
advance per revolution, 2B-D). The posi-
tions of the markers are projected onto
the transverse plane of the weld and the
plate thickness direction is vertical in the
figures. In each of Figs. 2A-D, the re-
treating side of the weld is on the left and
the advancing is on the right. It can be
seen a lower ratio of welding speed to ro-
tational speed (resulting in a “hot” weld)
caused more vertical transport on the re-
treating side (compare Fig. 2B with 2C),
while a higher welding speed (resulting in
a “colder weld”) caused less vertical
transport on the retreating side (compare
Fig. 2C with 2D). The amount of vertical
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Sheet Interface

Fig. 1 — Schematic of friction stir welding process and definitions of FSW

terminology.

Fig. 2 — Vertical transport in an 8.1-mm-thick Al 2195-T8 FSW butt
joint using embedded marker material (Al 5454-H32). The solid and
dashed lines denote the centerline and pin diameter, respectively. Marker
positions are projected onto a transverse cross-section plane. The re-
treating side is on the left and the advancing on the right in every case.
A — Positions of markers (transverse to the welding direction) before
welding; B — positions of markers after welding for a weld using
medium welding speed and medium tool rotation speed; C — positions

of markers after welding for a weld using medium welding speed and
high tool rotation speed; D — positions of markers after welding for
welds using high welding speed and high tool rotation speed.

transport can be judged by the height in
the weld achieved by the lowest retreat-
ing side marker. In 2B, the marker does
not reach the mid-plane of the weld. In
2C, the marker extends over more than
two-thirds of the weld height and in Fig.
2D, it is between one-half and two-thirds
of the weld height. The weld pitch is high-
est for 2B and lowest for 2C with 2D in-
termediate.

In a different study of material flow in
friction stir welds, Colligan (Ref. 6) used
a steel shot tracer technique to visualize
material flow in 6.4-mm-thick Al 7075-
T6. Results indicated, for example, that
material closer to the bottom of the pin
on the retreating side translated less up-
ward than material closer to the top of the
sheet. For reasons to be discussed in an-
other section, optimization of the overlap
shear strength of FSW lap joints required
management of the vertical transport of
material during welding operations.

Competitive Joining Processes

Riveting is currently the primary
method of joining aerospace structures
and has been used in aircraft fabrication
since the 1920s (Ref. 7). The maximum
overlap shear strength found in MIL-
HDBK-5 (Ref. 8) was 10.3 kN using Al-
alloy solid rivets (one-piece fasteners),
9.2 kN using blind fasteners, and 14.4 kN
using Ti-6Al-4V swaged collar fasteners.

Resistance spot welding (RSW) is a
process of welding by use of force and
current. RSW is currently the joining
method of choice in the automobile in-
dustry (steel sheet primarily) for eco-
nomic reasons (Ref. 9). However, in an
ongoing effort to reduce weight, alu-

minum alloy use in the automobile indus-
try has expanded tremendously. The
maximum overlap shear strength found
in MIL-HDBK-5 was 7.4 and 15.4 kN for
single- and multiple-row spot weld joints,
respectively.

Experimental Procedure
Materials

Alclad 2024-T3and bare 7075-T6 were
used, respectively, as the top and bottom
sheet of the lap joints. The nominal com-
position in weight percent (major alloy-
ing additions) of the 2024 is 4.4% Cu-
15% Mg-0.6% Mn and balance
aluminum. The nominal composition of
7075 is 1.6% Cu-2.5% Mg-0.23% Cr-
5.6% Zn and balance aluminum. Sheet
thickness for 2024-T3 and 7075-T6 are
2.29 mm (0.090 in.), while the cladding of
2024-T3 sheets is 0.06 mm thick on both
sides. The ultimate tensile strength
(UTS) of 2024-T3 base metal is 475 MPa;
the UTS of 7075-T6 base metal is 595
MPa.

Welding Procedures

All FSW lap joints were made on a 15-
hp vertical milling machine. Both top and
bottom sheets were 610 mm long and 127
mm wide and were positioned as shown in
Fig. 1. Sheets were degreased prior to
welding using a household cleaner. No
mechanical means of oxide removal were
employed. However, scale on the sheets
was very light.

Table 1 lists the welding parameters
used for all welds, as well as the failure
load and failure location(s) in overlap

shear testing. The welding speed (WS)
ranged from 2.3 to 5.6 mm/s and the ro-
tational speed (RS) of the tool ranged
from 300 to 983 rpm. Seven different WS-
RS combinations were used for the 25
welds produced in this study.

Nine different tool configurations
were used. Pertinent tool dimensions are
detailed in Table 2 and defined in Fig. 3.
Due to relatively short pin lengths and no
fixed rotational direction, the tools were
made without threads. Tool-to-workpiece
angle was maintained at 2.5 deg for all
welds. A shoulder plunge of 0.5 x (shoul-
der diameter) x sin (2.5 deg) was used for
all welds. This shoulder plunge resulted
in shoulder contact with the base plate at
the tool centerline perpendicular to the
welding direction.

Welds were made in either one pass
(single pass) or two passes (double pass).
When double-pass welds were made,
both passes were made with the same tool
and welding parameters. However, the
tool rotation was reversed for the second
pass and the tool was moved over toward
the advancing side of the first weld, while
welding direction and top sheet were
maintained constant. As a result, the ad-
vancing sides of both passes were adja-
cent to each other and contained within
the weld nugget, while the retreating
sides of both passes were on the periph-
ery of the weld nugget. The separation
distance, designated SE (column 6 in
Table 1), refers to the distance between
the centerlines of the two weld passes in
double-pass welds.

Overlap Shear Testing

Lap joints may be loaded primarily ei-



Table 1 — Welding Parameter and Overlap Shear Test Data

Weld Tool WS RS SP/DP SE F Load (kN) F Locations F Load (kN) F Locations

No. No. (mmls) (rpm) (mm) R (R1) Loaded R (R1) Loaded A (R2) Loaded A (R2)

Loaded

1 1 2.3 495 SP — 7.0 AB 14.0 A T, tn.

2 2 2.3 495 SP — n/a n/a 8.3 AT

3 3 2.3 495 SP — 8.0 t.n. 9.4 t.n.

4 4 2.3 495 SP — n/a n/a 5.6 AT

5 5 2.3 495 SP — 8.5 A, B 12.2 t.n.

6 6 2.3 495 SP — 10.9 A B 14.0 AT

7 9 2.3 300 SP — 21.4 A B 15.6 AT

8 1 2.3 495 DP 38 14.4 R1,T 15.1 R2, T

9 6 2.3 495 DP 38 17.8 RL1, T 17.7 R2, T

10 6 2.3 495 DP 6.4 18.3 R1, T 19.6 R2, TR1,B

11 6 33 495 DP 38 16.7 RL, T 18.6 R2, TR1,B

12 6 3.3 638 DP 38 17.7 R1,T 14.9 R1,B

13 6 33 638 DP 6.4 16.7 RL, T 17.1 R1,B

14 6 3.3 638 DP 8.9 18.0 R1,T 20.3 R2, TR1,B

15 6 4.2 983 DP 5.1 16.1 RL, T 16.7 R2, TR1,B

16 6 42 833 DP 5.1 15.6 R1, T 17.0 R2, T

17 5 33 495 DP 5.8 15.7 RL T 18.1 R2, T

18 5 5.6 495 DP 5.8 17.7 R1, T 17.9 R1,B

19 7 2.3 300 DP 8.9 19.6 RL, T 21.4 R1,B

20 7 2.3 495 DP 8.9 16.4 R1,T 16.6 R2, T

21 8 2.3 300 DP 8.9 20.0 RL, T 23.0 R2, THAZ

22 8 33 495 DP 8.9 20.9 R1, T 23.8 R1,B

23 9 2.3 300 DP 8.9 22.8 RL, T 22.6 R2, TR1,B

24 9 3.3 495 DP 8.9 23.2 R1, THAZ 23.3 R2, TR1,B

25 9 42 833 DP 8.9 20.9 R1, T 22.4 R2, T

WS = welding speed; RS = rotational speed; SP = single pass; DP = double pass; SE = separation distance; F = failure; t.n. = through nugget

ther in shear or by peel. In this study, the ways according to Figs. 5C-D. The shapes - -

strength of lap joints loaded nominallyin  of the sheet interfaces in Figs. 5SA-D are ~ Table 2— Tool Dimensions

overlap shear is examined. In an ideal lap general representations for FSW lap ) )

shear test (no bending), the tensile stress  joints produced in this study. It can be 100! Pin _Pin Shoulder

in the top and bottom sheets progres-  seen how the sheet interface on the re- ~ NO-  Length  Diameter  Diameter
- - . . . (mm) (mm) (mm)

sively decreases from a maximum at the treating side has moved upward (inter-

loaded end to zero at the unloaded end. face pull up), while the advancing side 1 4.0 5.1 12.7

Figure 4 shows the theoretical tensile  can have both upward and downward 2 4.0 4.4 12.7

stress distribution in a lap joint with no movement. The sheet interface on the re- i g'g 2'}1 g;

sheet interface present and no bending. treating side is gently curved, while on the 5 20 59 127
In a real lap shear test, particularly if no  advancing side, the interface generally ¢ 3.0 48 157

guides are used, additional tensile exhibits abrupt changes in direction. Be- 7 3.6 9.7 25.4

stresses will be generated at the bottom of cause of the stress distribution described 8 33 9.7 25.4

the loaded side of the top sheet and at the in Fig. 4 and due to the bending stresses 9 3.0 9.7 25.4

top of the loaded side of the bottom
sheet. Corresponding compression stress
components will be generated on the op-
posite sides of the sheets. These stresses
arise due to bending of the sheets around
axes perpendicular to the loading direc-
tion and passing through points near the
edges of the metallic-bonded interface
(Ref. 10). These bending stresses in-
crease the test’s severity and may be dele-
terious when the lap joint interface has
components normal to the nominal
shear-loading direction (that is when the
unbonded-interface direction is in the
sheet-thickness direction).

Due to the asymmetric nature of FSW,
a lap joint can be loaded with the advanc-
ing side loaded (experiencing maximum
stress according to Fig. 4) on the top sheet
(Fig. 5B) or with the retreating side
loaded on the top sheet (Fig. 5A). Dou-
ble-pass welds can also be loaded in two

present, the critical locations in Fig. 5A
will be in the top sheet on the retreating
(R) side and in the bottom sheet on the
advancing (A) side.

The time between welding and shear
testing was typically 120 h so that post-
weld natural aging would not vary appre-
ciably from weld to weld. All overlap
shear tests were performed on a 100-kN
MTS testing machine at a constant
crosshead displacement rate of 2.5.10-2
mm/s. The maximum (failure) load and
failure location were recorded for each
specimen. In this study, specimens were
designated according to which side of the
top sheet (2024-T3) was loaded (experi-
ences maximum load): A for advancing
and R for retreating in the case of single-
pass welds, and R1 or R2 (meaning the
retreating side of pass 1 or pass 2) in the
case of double-pass welds (Fig. 5A-D).
Relative positions of the sheets during

welding (Fig. 1) were such that specimens
could be cut out of the welded sheets in
both possible loading conditions. Two
specimens for each weld and each load-
ing condition were tested and the failure
loads averaged. All specimens tested
were 25.4 mm wide (see Fig. 6 for dimen-
sions of test specimens). The failure load
for a 25.4-mm-wide specimen of the Al-
clad 2024-T3 base metal sheet was 27.6
kN, which was used to calculate the joint
efficiency of the welds.

Optical Microscopy

Optical microscopy was used to study
transverse cross sections of the welds.
Standard metallographic polishing pro-
cedures were used with Keller’s reagent
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Fig. 3— Definitions of tool dimensions.

Fig. 4 — Theoretical stress distribution in a lap joint with no sheet inter-
face present. In an actual unguided lap shear test, the specimen will also
experience substantial bending stresses, as described in the text.
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Fig. 5— General schematic of FSW lap joints (including typical interface features) and definitions of
possible configurations for overlap shear testing. Arrows indicate loading directions. A — R-loaded,
single-pass weld in lap joint; B — A-loaded, single-pass weld in lap joint; C — R1-loaded, double-
pass weld in a lap joint; D — R2-loaded, double-pass weld in a lap joint.

Fig. 6 — Overlap shear specimen. All dimensions are in mm.

to prepare the specimens. In addition, it
was concluded the shape and amount of
upward or downward translation of the
sheet interface was an important para-
meter. Therefore, a scale was used to
measure how much of the original sheet
thickness was left to carry the load after
welding. On the basis of these measure-

ments, a new parameter — effective sheet
thickness (EST) — was introduced and
defined according to Figs. 7A and D. The
EST is the minimum sheet thickness de-
termined by measuring the smallest dis-
tance between any unbonded interface
and the top of the top sheet or bottom of
the bottom sheet.

Hardness Measurements

One single-pass (No. 7) and one dou-
ble-pass (No. 23) weld made with the
same tool and welding parameters were
sectioned and polished so the hardness
could be measured using a Vickers hard-
ness tester with a load of 200 g. Hardness
measurements were performed to reveal
possible changes due to the second weld
pass. The middle of both the top and the
bottom sheets were tested throughout the
cross section with 0.5-mm spacing be-
tween data points.

Results
Overlap Shear Testing

The failure load and failure location
from overlap shear testing for all of the
welds are shown in Table 1.

Failure locations (columns 8 and 10)
are designated with aweld side (A, R, R1,
or R2) and a sheet (either top, T, or bot-
tom, B); t.n. indicates through-nugget
failure. The failure load for single-pass
welds (not including weld No. 7) ranged
from 5.6 to 14.0 kN (avg. 9.6 kN). Welds
loaded on the top sheet, retreating side
(R loaded) averaged 8.6 kN, while the top
sheet advancing side-loaded (A-loaded)
specimens for the same welds averaged
12.4 kN. For the R-loaded single-pass
specimens, 80% failed on the advancing
side, bottom sheet and 20% failed
through the nugget (through-nugget fail-
ure). For the A-loaded single-pass speci-
mens, 64% failed at the advancing side,
top sheet, and 36% failed through the
nugget. In other words, no retreating side
failures were observed in single-pass
welds. As a result, there was a need to
eliminate the critical advancing side and
prevent through-nugget failure. Accord-
ingly, the double-pass welding technique
was developed, since it would eliminate



Fig. 7 — Metallographic cross sections of FSW lap joints (transverse to
welding direction). The top sheet is Alclad 2024, and the bottom sheet is
7075 in all cases. For single-pass welds (A-C), the advancing side is on
the right. For double-pass welds, R1 is on the left. A — Single-pass weld
No. 1, showing the locations of the minima in the EST (effective sheet
thickness) on the advancing and retreating sides. The difference in inter-
face shape (advancing vs. retreating) may also be observed. B— Single-
pass weld No. 3, identical to weld No. 1 except for reduced pin length. C
— Single-pass weld No. 7, identical to No. 3 except for increased (2X)
shoulder and pin diameters. Note the relatively flat interface. D — Dou-
ble-pass weld No. 9 showing the location of the minimum EST on the R1
side. E — Double-pass weld No. 10 identical to No. 9 except for wider
separation distance resulting in unbonded interface in the center of the
weld. Note the similarities between the interface shapesin D and E. F —
Double-pass weld No. 11. Higher welding speed relative to D and E re-
sults in a flatter interface (increased EST). G — The interface shape is
comparatively flat. H — Double-pass weld No. 21 illustrating the effect
of reduced pin length relative to G. The interface shape is comparatively
flat. | — Double-pass weld No. 23 showing interface push down resulting
from use of a pin length less than that used in weld No. 21.
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Fig. 8 — Graph of failure load vs. effective sheet thickness.
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Fig. 9 — Graph of Vickers hardness distribution (transverse to welding
direction) for a single-pass weld.

both the advancing side and make the
weld nugget wider, hence preventing
through-nugget failure.

The failure load for double-pass welds
ranged from 14.4 to 23.8 kN (avg. 18.7
kN). R1-loaded specimens averaged 18.2
kN, while the R2-loaded specimens aver-
aged 19.2 kN. For the R1-loaded double-
pass specimens, 100% failed on the R1
side, top sheet. For the R2-loaded dou-
ble-pass specimens, 56% failed on the R2
side, top sheet, and 449% failed on the R1
side, bottom sheet.

The failure load for the single-pass
weld No. 7 was 21.4 kN for the R-loaded
specimens and 15.6 kN for the A-loaded
specimens. All weld No. 7 specimens
failed on the advancing side either top or
bottom sheet. Weld No. 7 will be dis-
cussed further in another section.

Optical Microscopy

Figures 7A-l show metallographic
cross sections of several single- and dou-
ble-pass welds. Figures 7A-C are single-
pass welds with the advancing side on the
right and the retreating on the left. The
difference between the advancing and re-
treating side interfaces can be readily ob-
served in the first single-pass weld — Fig.

TA. For Fig. 7B, all parameters were kept
the same as for Fig. 7A except the pin
length was reduced by 25%. It can be seen
this lessened the amount of pull up on the
retreating side and caused pull up, in-
stead of pull down, on the advancing side.
Figure 7C has the same pin length as Fig.
7B but twice the pin and shoulder diame-
ter. As a result, a larger weld nugget and
a smoother shape of the interface on the
advancing side were produced.
Considering the double-pass welds
shown in Figs. 7D and 7E, all weld para-
meters are the same except that Fig. 7E
has a larger separation distance between
the first and second passes (greater than
the pin diameter), resulting in an un-
bonded interface in the middle of the
weld nugget. For Fig. 7F, welding speed
was increased relative to Figs. 7D and E
resulting in less pull up of both retreating
sides (R1 and R2) compared to Fig. 7D.
This is consistent with the trends in verti-
cal flow of material shown in Fig. 2. The
effect of pin length on interface shape of
the retreating side can once more be ob-
served in Figs. 7G, H and I, which used
pin lengths of 3.6, 3.3, and 3.0 mm, re-
spectively. The longest pin caused inter-
face pull up, while the middle length pin
resulted in a flatter interface, and the

shortest pin caused interface pull down.
This correlates well with the work pre-
sented by Colligan (Ref. 4).

Figure 8 is a graph of the failure load
as a function of effective sheet thickness
(EST) for all single- and double-pass
welds that did not exhibit through-nugget
failures. It is apparent that increasing
EST results in increased failure loads for
both single- and double-pass welds. Com-
paring single- and double-pass welds hav-
ing the same EST, double-pass welds ex-
hibit higher failure loads.

Hardness Measurements

Figures 9 and 10 show results from the
hardness measurements of a single-pass
weld (No. 7) and double-pass weld (No.
23), respectively. The vertical lines indi-
cate the position of the tool shoulder and
pin during welding. For the single-pass
weld, hardness varied between 105 and
154 and 120 and 154 for the top and bot-
tom sheet, respectively. For the double-
pass weld, hardness varied between 105
and 151 and 118 and 168 for the top and
bottom sheet, respectively. The base
metal hardness was 155 for the top sheet
(2024-T3) and 170 for the bottom sheet
(7075-T6).
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Fig. 11 — Graph of failure load vs. separation distance for double-pass

Discussion of Results
Effective Sheet Thickness

As mentioned earlier, from examina-
tion of metallographic cross sections of
the single-pass and double-pass welds, it
was supposed the effective sheet thick-
ness, (defined in Figs. 7A and D), can be
related to the strength of both single- and
double-pass welds. Figure 8 confirms this
hypothesis. The reason a single-pass weld
with the same EST as a double-pass weld
has lower strength is likely due to the
sharpness or minimum radius of curva-
ture of the interface (higher stress con-
centration) on the advancing side of the
single-pass weld compared to either re-
treating side in the double-pass welds.

Figure 8 indicates the strongest welds
are obtained using welding parameters
and tool dimensions that result in as little
interface pull up of the retreating side as
possible (indicated by the maximum
EST). Two important findings were
made. First, higher welding speed or
lower rotational speed (both resulting in
a “colder” weld) result in less pull up on
the retreating side (compare Figs. 7D and
F). This observation agrees with the
paper by Seidel and Reynolds (Ref. 5)
that found a colder weld has less vertical
mixing of material, especially on the re-
treating side — Figs. 2A-D. However, it
has been shown in other aluminum alloys
(e.g., Ref. 11) that if weld parameters re-
sult in too cold a weld, poor metallic
bonding between the top and bottom
sheets may result. Second, shorter pin
length results in less pull up of the re-
treating side — Figs. 7G, H, and I. On the
retreating side, material flows less up-
ward near the bottom of the pin than at
the middle of the pin, which results in less
pull up of a sheet interface that is closer
to the bottom of the pin than to the mid-
dle. In fact, pull down of the sheet inter-

face was achieved for the shortest pin
(Fig. 71), and for the combination of al-
loys used in the joint studied. This is ben-
eficial because it causes thinning of the
stronger sheet (7075). In summary, im-
proved interface shape is obtained when
the faying surface between the two sheets
is near the bottom of the pin.

Separation Distance

Table 1 shows a larger separation dis-
tance (the distance between the centers
of the first and second weld passes) in
double-pass welds usually gives a
stronger weld, although there is a “crack”
or unbonded interface left in the middle
of the weld if the separation distance is
greater than the pin diameter. The likely
explanation for this is the longer weld
nugget inhibits bending of the loaded
specimen (Ref. 10), reducing the bend-
ing-induced tensile stress at the critical
interface between metallic bonded and
unbonded material at the faying surface
of the lap weld. A separate investigation
was made (Ref. 12) to further understand
the influence of weld nugget length on
weld strength. The result (failure loads
for R1- and R2-loaded specimens aver-
aged) can be seen in Fig. 11. The failure
load increases with increasing separation
distance up to approximately 15 mm. Be-
yond 15 mm, separation distance has only
a small effect on strength. For SP welds,
weld nugget length equals pin diameter,
while for double-pass welds, weld nugget
length equals pin diameter plus separa-
tion distance.

A- vs. R-Loaded Single-Pass Welds

For single-pass welds, A-loaded spec-
imens are significantly stronger than R-
loaded specimens because on the ad-
vancing side, the interface pull down is
generally more severe than the interface

pull up, causing greater reduction in EST
on the bottom sheet (7075-T6) than on
the top sheet (2024-T3). As seen in Fig.
TA, there is undetectable pull up but crit-
ical pull down of the advancing side,
which causes A-loaded specimens to be
twice as strong as the R-loaded specimens
(which failed on the advancing side, bot-
tom sheet) for weld No. 1.

Weld No. 7 (Fig. 7C) is a single-pass
weld made with a tool (No. 9) modified to
produce interface pull down of the re-
treating side. However, the tool also pro-
duced a desirable interface on the ad-
vancing side. Unlike other single-pass
welds, the interface on the advancing side
had no sharp corners. In addition, the R-
loaded specimens exhibited exceptional
strength, due to the interface pull up on
the advancing side.

R1- vs. R2-Loaded Double-Pass Welds

For double-pass welds, the R2-loaded
specimens were marginally stronger than
the R1-loaded specimens. Comparing
failure locations for double-pass welds,
R2-loaded specimens failed 44% on the
R1 side, bottom sheet, while R1-loaded
specimens never failed on the R2 side,
bottom sheet (always on the R1 top
sheet). This was probably the result of
using weaker material (2024) on the top
sheet and the effect of the second pass on
the R1 hardness distribution, which will
be discussed below.

For two of the strongest welds, No. 21,
R2-loaded (23.0 kN, 83% joint effi-
ciency), and No. 24, R1-loaded (23.2 kN,
84% joint efficiency), the failure location
was in the top sheet close to the edge of
the shoulder. This location is the heat-
affected zone (HAZ), in terms of mi-
crostructural zones (Ref. 2). At this loca-
tion, no vertical mixing occurs, so the fail-
ure load is unaffected by the sheet
interface. The failure loads and locations



are similar to results of FSW butt jointsin
Al 2024-T3. For example, in Ref. 13,
Reynolds, et al., report a joint efficiency
of 83% was achieved and the failure oc-
curred in the HAZ of the retreating side.

Hardness Measurements

For the single-pass weld (Fig. 9), there
was minimum hardness in both the ad-
vancing and retreating side HAZs. The
hardness of the nugget was higher than in
the HAZ, but lower than the base metal
values. No substantial differences could
be seen between the advancing and re-
treating sides. For the double-pass weld
(Fig. 10), the hardness profile was similar
to that of the single-pass weld except the
gradient in hardness between the HAZ
minimum and the local peak in the
nugget was much more gradual on the R1
side than on the R2 side. It appears the
additional heat treatment imposed by the
second weld pass caused softening of the
R1 nugget. This phenomenon could ex-
plain why R1-loaded specimens tended to
be weaker than the corresponding R2-
loaded specimens. Comparison of the
minimum hardness values for the single-
and double-pass welds indicates almost
no difference; only the distribution of
hardness is modified by the second weld
pass. This indicates the HAZ regions of
both the single- and double-pass welds
may be in a minimum hardness condition
for the two alloys.

Conclusions

Testing results and analysis conducted
on FSW lap joints have provided the fol-
lowing conclusions and salient observa-
tions:

1) A maximum joint efficiency of 86%
(23.8 kN of max. 27.6 kN) was achieved
for the FSW lap joints in this study. This
is comparable to joint efficiencies
reached for FSW butt joints of the same
materials. For single-pass welds, a maxi-
mum joint efficiency of 78% was
achieved, which is at least 60% stronger
than comparable riveted and RSW lap
joints.

2) For double-pass welds, the second
weld pass does not cause a reduction in
minimum hardness. However, hardness
distribution is modified compared to that
of the single-pass welds.

3) Inthe presence of sufficient bonded
interface width to prevent through-
nugget shear, two critical factors influ-
encing overlap shear strength of FSW lap
joints are EST and sheet interface shape.
Sheet interface should not have any sharp
corners (stress concentrations) or defects
(cavities). For double-pass welds, separa-
tion distance should be less than, or equal

to, the pin diameter to prevent the for-
mation of unbonded interface within the
weld.

4) A “cold” weld (low rotational speed
and/or high welding speed) causes less
vertical mixing of the retreating side.
Likewise, a shorter pin (as long as the pin
length exceeds the thickness of the top
sheet) causes less vertical mixing of the
sheet interface, hence maximizing the
EST.

5) In addition to providing sufficient
areato prevent failure by through-nugget
shear, a wider weld nugget is beneficial
because it decreases the amount of bend-
ing in a nominally shear loading configu-
ration. Therefore, a tool with a large pin
diameter may be favorable for welds
loaded in overlap shear.

6) If asingle-pass weld is produced, the
welding direction should be chosen so the
joint is A loaded, because the advancing
side usually exhibits undetectable pull up,
but critical pull down. However, if tool di-
mensions are used that cause pull down of
the retreating side, an R-loaded joint may
exhibit higher strength (i.e., weld No. 7).
Likewise, if a double-pass weld is pro-
duced, a R2-loaded joint will usually ex-
hibit higher strength.
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